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ABSTRACT

The primary objective was to obtain. aund evaluate experimental data of the basic thermal phe-
nomena associated with the nuclear and thermonuclear explosions detonated between 5 May and
22 July 1956 at the Pacific Proving Grounds (PPG). The phenomena. of interet were those of
significance in the prediction of the thermal radiant exposure and Irradiance at a polt in spac'*v
as a result of a surface or low-altitude nuclear explosion.

An array of suitable instrumentation was placed in each of four aircraft for data acquisition
from medium and high altitudes over the point of dete nat!on. Records of radiant exposure and
irradiance were obtained from calorimetere and radiometers aimed directly at the fireball,
aimed toward the water underneath the aircraft (albedo study), and aimed away from the fire-
ball (backscatter study). Filters wer used with many of these thermd instruments, yielding
data covering various parts of the visible and near-infrared spectrum. Spectral data frorh the
detonation was obtained with modified N-9 gun stlht aiming point cameras employing an Air
Force Cambridge Research Center spectroscopic nosepiece; photographic records were secured
by similar cameras aimed at the detonation site or its environment.

Thermal and photographic data for 10 events and spectral da~a for 11 events were aaalyzed.
The thermal records reaffirm the reduced transmission of radiant energy in the near infra-

red because of absorption by water vapor and carbon dioxide.
An equation for predicting the radiant exposure on a horizontal surface and its modificatio;l

to a surface oriented n rrmal to the fireball (Reference 1) was tested against the collected data
and was fot. id to satisfactorily predict the radiant exposure. A simplified equation is alsio pre-
sented and tested against the data. The uniform meteorological conditions accompanying these
tests allow the use ol the simpler equation.

Comparison between the air drop event (Cherokee) and a barge shot of similar yield (Zuni)
indicated no significant differences in the irradiances or radiant exposures measured at the
aircraft.

Measurement& of the backscattered radittion, where available, were found to be two or
three orders of magnitude lower than the radiant energy received directly from the fireball,
with the excelpion of a single instrument reading on a single event on which the B-52 flying in
severe cloud conditions measured 50-percent backscatter into the cockpit.

The spectral histories of all events appear quite similar, regardless of the yield; a larpe
amount of NOt is formed quite early and persists throughout the entire event.

The photographic records from cameras having various ficids of view were taken at 64
frames/sec on 16-mm high-resolution emulsions, from aircraft at slant ranges on the order
of several kilometex a from surface zo-ro. Each record covers the entire thermal pulse. The
cameras were paired utUizing Infrared (0.70 to 0.90 micron) and blue (0.35 to 0.45 micron),
and linearly polarized (vertical and horizontal, 0.40 to 0.70 micron) filter systems. The pri-
mary Intensity inform tion was gained from microdensitometer traces of each negative strip;
further information came from size measurements on the film and from qualitativýe observation
of the developing phenomena.

Sch ancillary features as the Wilson cloud, plume, and bright spots appearing near shock
wave breakaway were found to perturb the thermal output by less than 15 percent. The air
shock appears to ittenuate the blue light; the shocked volume is visible In the infrp •ed because
of s•attering from the denser air. No polarization phenomena, other than Vie expected differ-
encE in specular scattering from the urdisturbtd ocean surface, were resolved.

I was found that an attenuating mantle (tbsorption shell) surrounds the fireball from after
breakaway until the end of the thermal pul; e. This shell develops to a thickness of about a
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fourth of the firebali radius; it iF. :.-mewhat morte -4rongly attenuating in the blue, Ihan Ii the
infrared. Properties of this absorbing F'iell -uch as dimi-nsiontj versus time and effect ,At li h
darkering (decrease in brightness toward the edges of the firebhrll) are discussed.

Aureole (air-scattered) light is found to be an order of magnitude more intitese than thllu ieht
reflected from the unshocked water surface, for the typical moist atmosphtric conditions aý. the
PPG. This aureoie is whle and uYijx~lrIzvd. The shock-froth allbdo is about 12 times the un-
shocked water albedo. In generut, the #otat red light refle,'tnd or scattered into 0Lt, tyjpe'it
camera ftelds of view-fromt aureole, clouds, and wa ter- was akrwut equal to the direct flux
Jrora the fireball. Most of this was scattered from the shock-frothed water, The blue albedo
was lower, presumably because of the air shock attewuation. Furthermo'e, the. blue fireball
sh,,wed consitlerably more limb darkening.

roth air rhock and fireball dimensions were f9und to obey the predicted scaling laws. The-re
is evidence that the fireb,,.ll surface temperature is not symmintric with azimuth in some cases,
as the thermal flux appears higher from certain (large) regions.

Reprouuctions of several series of photographis containing dtfferent views of Shot Dakota
(1.1 Mt) are prosented, zs well as a typical series for each of the other 0-tonations hiving
plmtographtc coveri ge; the photographs are disc.sued.

Suggestions for the further analysis of exisiting data and for improved data acquioition from
futur- e•sts are presented.
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FOREWOR D

This rc-port prsents the finjiý results of ont, of the projects pai tivipat log, ill the niilit~i y' attuI't

pro~grams (A Operation Redwing. Overall information about this oenI the other niiiitary-ieffioct
projects can be obtained from WT- 1344, the "Summary Report of tht, Conmmanider, 'l~ask Unit
3." This technlca}-I sunimarN Includes: (1) t~bles List ing each detonation wiih its yield, typeý,
eniviro~nment, mecteorological conditions, etc.; (2) maps showing shot locations; (3) discussioIns
of retoilts by ji.rograms; (14) sununarivs (if objectly's. procedures, results, utc_ fog, all )rojects.

ad()a. listing of project reports fur- thc military-A'fect programs.
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Dr. R. Meyerott, Dr. S. Sechwelbel., and Dr. J. Sokoloff, who wrote the thieorefficai analysis of
the ahsorption shfell; Dr. J. Garirig in contributing to the early development of thc spectral, ex-
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and in the electronic modification of the filter photography micerodensitometer; D. Siegell, A.
McNally, ki. Lockha~rt, and 1.". Spooner in spectral data reduction and Lt R. Hunter in spectral
data presentation; and Lt J. Reed, J. Cahill, and L. Mercier in editing and preparing the filial
report.

7-8

SE~CRET



Priw ous pa0was blAnk,, therefore rot filAed.

CONTENTS

ABSTRACT----........ .. 5

FOREWORD ------... .-- 7

iREFACE---------------------------------------------...----..... 7

CHAPTER I INTRODUCTION ----------------------------------------- 15

1.1 Objectives-------------------------------------------------------- 15

1.2 Backgrourl and Theory----........................... . 15

CHAPTER 2 PROCEDURE --------------------- -------------------------- H

2.1 Operations -------------------------------------------------- 18

2.1.1 Thermal Measurements ---------------------------------------.. 18

2.1.2 Photographic Coverage -..---------------------- - 18
2.2 Planned Shot Participation -------------------------------------- 18

2.3 Instrumentation --------------. 18
2.3.1 Radiomete--s and Calorimeters- --- -.-.-.-.-.- 1i9

2.3.2 Photographic ------------------------------------------- 20
2.3.3 Spectrographic Instrumentation ---------------------.--------- 20

2.3.4 A ircraft . . .... . . . . . . . .. . . . . .... . . . . . . . - - - - - - - - - - 21
2.3.5 Ground Stations ------------------------------------------- 22

2.4 Data Requirements -------------------------------------------- 22

2.5 Radiometer and Calorimeter Calibration and Data Reductioni -- -------------- 23
2.5.1 Procedure --------------------------------------------- 23
2.5.2 Filter Characteristics -.-.-.--------------------------------- 23

2.6 Photographic Calibration and Data Reduction ...........................- 24

2.6.1 Development and Sensitometry -------------------------------. -- 24
2.6.2 Microdensitometry------------------------- 24
2.6.3 Dynamic Range and Camera Flare ----------------------------- 25
2.6.4 Analysis of Microdensitometer Records .............- 25

2.7 Spectrographic Data Reduction and Calibration ------------------------ 25

CHAPTER 3 RESU --r- . . . . ..------------------------------------------- 40
3.1 Calorimeter and Radiometer Results -------------------------------- 40

3.1.1 Summary of Cumulative Thermal Radiation Data --- ------------------- 40

3.1.2 Time History of Thermal Radiation Measurements ------------ 41

3.1.3 Backscattered Radiation .................... .. ................- 42
3.2 Photographic Results ------------------------.. . 42

3.2.1 Qualitative Picture of a Detonation--------------........ .......... 43

3 .2 .2 S h o t E r ie . . . .. ... . . . . . . . .. . . . . . . . . . .. . . . .. . . . . .. . . . . . . .. . . .. . 4 4

3.2.3 Shot Lacrosse-----------------------------............ .. -14
3.2.4 Shot Hurn ------------------------------------------------------ 45
3.2.5 Shot Flatt:ead . . . ... . . . ... .. . . . . . .. .. . . .. . .. . . . . . .. 45

3.2.6 Shot Apache .------------------------------------------------------ 45

3.2.7 Shot Zuni--...... . - - - - - - - - - - - - . . . . . . 46
3.2.8 Shot Cherokee----------------------------..--- 47

9

SECRET

...... 1



3 .2.9 S ho t N a vajo . . . . . . .. . . . . . . . . . . . .. . . .. . . . . . . . . . .. . 4 V
3.2.10 Shot Tewa- - -. . --- . . . . . . . . .--. . ..- - - -. 47
3.2.11 Shot D dakota . .. .... . . 47

3.3 Spectr¢ographic Results ......... .... .... . . . . . .......... 49

CHA! IrER 4 DISCUSSION H2.. .. . . .... .. . ... ... .. . .. . . . 82
4.1 At-uospheric Attenuation 82.. . .... .. .. ... ......... . . .. . ... 82

4.1.1 Absorpticoi by the Atmosphere - . .--.... . .... - - - - 82

4.1.2 Climatological Conditions and Atvtosphecvc Optical Effects - - - 84.. .

4.1,3 Spectrographic Scattering Exper iment -------------------.-------.. -
4.?, ,im. lysis of Calorimeter and Radiometer Data -... ... ... .. ... ... ... 84

4.2.1 Data Reliability .-------------------------- -84

4.2.2 Comparison of Observed Data with Predictions -.-.-----.-.--.--.--.----- 86
4,2.3 Comparison of Thermal Yield from Air Drop and Barge Shoit- -- ---------- 87
4.2.4 Determination of Irradiance from Calorimeter Data for Shot Dakota -.-.- --. 88
4.2.5 Radiometric Determination of the Source Color Temperature -.--.- .---- 88

4.3 Analysis of Low-Resolution Spectrographic Data---------........... 90

4.3.1 Structure Identification -.-.-.-.-.-.-.-.-.-.-.-.-.----- ------ - -- - - .- - 90

4.3.2 Spectrographic Determination of Color Temperature -.--.---------- --90
4.3.3 Time to Second Maximum Spectral Dependence -.-.-.-.-----.-.--.--.-- -91
4.3.4 Fireball Diameter Correlation -.-.--.--------- .. - - - -. . .------.. 92

4.4 A jl vysi', of Photographic Data ............... .. .............. .. .. .. .- 92
4 .4 .1 H o t S p o ts . . . . .. . . .. . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . .. 9 2
4.4.2 Plume -.----------.-.-.-.----.-.-------------------------------- -93
4.4.3 Wilson Cloud ----------------.-.---.-.---.-.-.------------------ -- 94
4.4.4 Ai, and Water Scattering -----------------------------.-.----------.- 94
4.4.5 Hydrodynamics-Air Shock and Shock Froth Phenomenon -- ------------ 97

4.5 Analysis of Shot Dakota ---------.-.-.-.-.-.-.---.-.-.------------------- 99
4.5.1 Hydrodynamics -----.-.-.-.-.-.-.-.-.------------------------- ---- 99
4.5.2 Partition of Light; Relative Albedo Contribution ....................- 100
4.5.3 Tune Variation of Fireball Brightness ------------------ 103
4.5.4 Comparison of Polaroid Pictures of Shot Dakota --- ------------------- 104
4.5.5 Asymmetry------------------------ ------------------------- ----- 106

4.6 Absorption Shell Phenov,?non -.-.-.-.--------------.----.--.----.------- 108
4.6.1 General Properties--------------------------- ..............- 108
4.6.2 Hydrodynamics ............---- 8
4.i 3 Absorption Coefficient -------.-.-.-.-.-.--------------------------- 109
4.6.4 Limb Darkening ----------------.-.---.-.-.--------------------- -111
4°6.5 Dicussion --.-----------------.----.-.---.------- ---------- ---- 114

CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS---------------------- I(

5.1 Conclusions ---.--.--.--.--.--.--.-- .-- .--.-------- .......... --- 169
5.1.i Thermal Exposure------------------------------...............-169
5.1.2 Backscattered Radiation .................-------- 169

5J1.3 Thermal Exposure oIf Air Versus Ground Bursts - --- 169
5.1.4 Spect ral Distribution of Thermal Radiation .................... ......- 170
5.1.5 General Conclusions -...- --------.-.-.-.-.-.-.-.-.-- - -------- - 170

5.2 Reconnme ndations - - - - - - - -.. -.. - - - - ----------------- - 171
5.2.1 Calorimetric and Hadiometric Measurements -.. ..... .. .. ... .. .171

5.2.2 Further Analysis of Photographic Data-............... .. ... . . . . 171

5 .2.3 F utu re D ata -.. ..... . . . . . . .... . . .. . . . . . . ... . .... .. . - - - - - -. 173

REFERENCES -.-.--. --. --. --. --. --. ---------................. ............ - -.. 175

10

SECRET



A I1P1ENI)Il•,, PI)UYIo(U1HA PIU ... .. ............. ... . .i:

TABILES

2.1 Piranked Participatioa . . .. .. . . . ..

2,2 Shot Stati.;tics .

2.3 Ntsic Aircraft lnstrunwi ntuito .. . .- - . ..
2.4 Calibration Fa 'tors - . . . . . . . .. . . . . .. ... i
3.1 Aii-ri' t Positioins at Tiile Zero -. .. . .... .. . . . ..
3.2 Effectiveness ,f rhvemni In • unmentation-, -. . . . ... .. . . . 52

3.3 Thermal Exposure and ,laximurn Irradiai'e - - - - 53

3.4 Filter Nom enclature - - - - -.-- . .- fit).. . ......... .... .... .. 60
3.5 Ratis ofu Backscattered Radiant Exposure to LArect Radlaitt

Exposure as Observed at B-47 -.----------..-. - - - - - - -- -------.- .-
3.6 Effectiveness of Photographic Instrumentation- -- - - - -..... . - - ---.---. - .- 61
3.7 Ph•jtographic Parameters --.-.-.---------------------...-------. ---- 62
4.1 Transmission ,if Thermal Energy Through Pacific Air-------------------... 119
4,.2 Meteorological Data-----------------------...................... 11I
4.3 Atmospheric Transmission for Aircraft Positions, Shot Dýkta - -..-.-.-.---- 20

"4.4 Solar Color Temperaturei Extrapolated to Zero Air Mass- -----.-.-.-.--.-- - 120
4.5 Effect of Combining Data from Various Filtered Detectors---------------- I .•0
4.6 Amounts of NO2 ...----------------------------------------- A.------

4.7 Temperatures at tmax for A A Range of 4,400 to 6,000 A -......................... . 12-1
4.8 Integrated Temperatures ....-... .... .. .. .. .. ..-.-.-.-.-. - -.-- 122

4.9 K (A) as a Function of Wavelength -.-.-.-.-.-.-.-.-.-.--------- - -. - - 122

4.10 Comparison of Measured and Calculated Values of t--ax -....... 122
4.11 Fireball Diameter at tmax as a Function of Yi---ld -........... 123

4.12 Maximum Fireball Diameter as a Function of Yield -.----------- - - - - 120
4.13 Wilson Cloud Effects ............-- - 123

4.14 Optics of Contoured Photographs -.-.-.-.-.-.-.-.-.-.-.-.-.-------- - - 124
4.15 Partition of Thermal Flux, Frames 15 through 375 -----.---------- - ---- 124
4.16 Partition of Thermal Flux, Frame 65- -.-------- --- 125

4.17 Intercomparison of Series 36236 Red Frames -------------... 125
4.18 Comparisons at Thermal Flux Maxima- .............................. 125

4.19 Corrected Albedo Ratios---------------------.................. 126
4.20 Absorption Shell (Red), Shot Zuni .... .. ... .. .. .... . .. .. ... 12.6
4.21 Limb Darkening Rugults, Shot Dakota ------------------- 126

FIGURES

2.1 Typical locations of aircraft instrunentaLion- ----------------- 28
2.2 Sensitivity as a function of wavelength for the RW1, Blhe, and

Polaroid systems -----------------------................ 29

2.3 Complete assembly of N-9 camera with spectrscopic atachment--............. 30
2.4 Exploded view of N-9 camera with spectroscopic attai'hnent -........... . 31

2.5 Hesponse of opectiograph over various fields of voew -.--.--.-------------- 32

2.6 Tail instrumentation mound, B-47 (rear view)- ---------- - - -.. ....- J3
2.7 Tail instrumentation mount, B-47 (side view) . . ....------ 33

2.8 Tail lnstrumentation moung, B-52 (rear view)------------------ - - - -. 34
2.9 Tail instrumentation mourt, B-52 (side view)---------------. 3--

2.10 Tail instrumentation mount, B-57 (rear view) .......... .... ...... ......... 35
2.11 Tail instrum vntation mount, B-57 (side view) ........ ............ ...... 35

2.12 Tail Instrumentation mount, B-66 (rear vi,'w)----------------. 3- -

2.13 rail instrumentation mounJ, B-66 (side view) .... .... .... .... .. .. ..--

2.14 Radiant exposure as a function of time------------------------------......... 37

SECRET



TrawI nom' neitt~nc of Filtee1 B (Cornlng 7-56) as a function of wave!cnrith- -. 38
1'16 TFI.V•.-'r w1 crilehnsit .no'mer trace a; r. s the fireball .nd Its

ass(ociated aitedo eiements--........................................... 39

3. l2uladiýýnl -.-posure as a fumicton of time for Shot Dakota as

measured from B-57- - - - -. - -.. - -. 63
3.3 rr!-0.ance as a function of time for Shot Dakota as measured

from B-56----------------------------------- .................... 64
3.4 Radiant exposure as a function of time for Shot Dakota as

measured from B-66 -.--.-.-.-.-.-.--.--.------.. .-.....- - .- - - - - .- 65
3.5 Irradiance as a function of time for Shot Dakota as measured

from B-66 .......- - - - --... . . . .. . . . ... . . . . 66
3.6 Radiant exposure as a function -f time for Shut Apache as measured

by three calorimet•rs ou the same aircraft- -. . . . . . 67- =
3.7 S hetematic ,iagram of a surface detonation -....... ......... ... ......... 68
3.8 Chronological spectral history, Shot Apache --------.- --------.-.- 69
3.9 Chronokigicai spectral history, Shot Cherokee ------------------------ 70
3110 Chronological spectral history, Shot Dakota -......... ........ . .. . . . 71
3.11 Chronological spectr I history, Shot Erie--................ . - --.... . 72
3.12 Chronological spectral history, Shot Ftathead-.. ....... - - ---------- 73
3.13 Chronological spectral hintory, Shot Huron ................ 74
3.14 Chronological spectral history, Shot Lacrosse- -.- - .- - .--- --- 75
3.15 Chronological spectral history. Shot Mohawk -.-.--.--.--.--.--.------- - . 76
3.16 Chronological spectral history, Shot Navajo ------.-.-.--------------- 17
3.17 Early time spectra, Shot Tewa -.--.--.--.--.------------ 78
3.1b Chro -)logical spectral 1,tory, Shot Tewa - 79

3.19 Chro, uloglcal spectral history, Shot Zu- . -.-----.-.-.--.--.--.------ --- -0
3.20 Comnarison of zero time spectra- -.-.-.-.-.-.-.--.---- ------- 81
4.1 Inirar d spectrum of water vapor and carboi• . . ........... 127
4.2 Absorption specte'um of NO 2 and N204 - - -...- ----------- I.12
-1,3 Specific thermal energy as a function of slant range .................. 120
4.4 E as a functior of 0 and E/cos2/3 0 as a function of 0--------. - - - - .- - - 130
4.5 Correlation between predicted and observed radiant exposure ................ 131
4,6 Correlation between predicted and observed radiart expo-ure ------------------ 32
4.7 Ratio of specific thermal yield and specific irradiance -.-.-.- --- .-33
4.8 Irradiance at a function of time for narrow spectral reo, ".,o Shot Dakota -...... 134
4 J Irr-.•*cnce as a function of time for df-wnward instrumncattion,

6hot D ,ak ota -..... . .... .. . . . . . .. . . .. . . . ......... .... ... . 135
4.10 Color temperature as a function of lime, Shot Dakota ...---------- 136
4.11 BLick body temperature ----------....- - - -- ---------- 137
4,12 Absorption spectrum of N02 -.............- -1.. - .. 13 &

4 13 Coaiparison of F )2 absorption bpectra i;.h typical shot spectra - -----..... 139
4.14 Scattering oi 11giit from regi.on vurrounding Shot l•akor.a, in. Red light- .-..... 140
1.15 Scattering of light irom regioiA svu round.ng Shot Dzkota, ýi Olwu light 141
4.16 Scaitering of lighY from the upper right sectlo, of tht veg Inon, rromid-

ing Shot Zuni, in fted light -...... .... . - - --.. . .. . .... ..... ..... ... .. 142
4A17 Comparison of irehbali to oun airtd fishU .W ,:reoL.-- ---...................... 143
4.18 Hydrodynaric growth of Shol u-,,eronsse-..... I-,
4.19 Hydrodynamiv growth of S t Hu . .... ..... . ...... ....... .. ......." . . .. .. . .
•4.20 Hydrodywi;-tnhi. grty', ot Shot Z tini ........... .... ............ ..... ..... .... ..- - 146

4,21 MaW ure fireball radiun as :, Rmction of WiU- , ! . .... ................... .... ... 147
4,22 Lva~tloo5• of .ul•ota •,v'i c:overiig aircraft .. ...................... ......... 143.
4..'!1 Growth o't' freall, "Rhot !Xtlota - -. ....-...... ............. - - - - -. - 149
4,2,4 ý;rowth of abso rpti,,a shel •i . ... ... ... . ... ......... ... 150

6P ECR E T

S)P~



4.25 zý*rawth ot ., 2hock f roti, Shot Dakota - 151
4.2fl 'AýjrciA ghtnegs ploi of fireball, Shot Dakota ~ -- 152
4,.27 1'arltitn A' thermal flu ,from oneW Red i 4sotograph, Shol. Pakota - -- 153
4,,28 Maxixmunr, br ijdýneas history of fire.ball, Shot Dakota - - - --- - -- - 154
4.29 Cloud andJ water brightness in Red Series 36236, Shot Dakota- - - - - - -*- - - - 155
-6 .30 Aur,2-o~ of '',A, O Pakota, Franio Z.ero, in twi) polarizations ----- 156
4.31 Aureole 1bo,!jf~oss on Frames 36240 (0a) and (0), mv ýsured on

a. central -j ,.4 to the right of :'he fireball, Shot, kota -- -* -*- 15?7
4.32 lirightnes!5 1.,f v.'f3wedl on eight scanfs, Shc. Dakota- -------------- 158
4.33 Speed of grr~wiw~ %A fireball and sh~ock froth radii------------ 159
4.34 Location of abi.tsorption shell attenuiation srans --------------- 160
4.35 Scan Line A ivý ýýed Frame 83, Shot Zun - -- -- ----------------
4.36 Red brightness ratio and p', Shot Zuni - -.- - - - - - - -162

4.37 %ed brigh'tness profile ota, central scan line, Shot Dakota--------- 1.6
4.38 Red. brightness proftile of a cenitral scan line, Shot Dakota (continved) -, 64-
4.39 Blue bri~ghtitess prjflle of a central scan line, Shot Da~ota- -- -- -- -- ----- - 165
4.40 Wsnerved andf calculated limb darkening fireball, Shc-t Ditkotu----------66
4.41 Blue I irt~t~U brightness contour - - - - - -- - - - - 167
4.42 RedfIirebalr. brightness. contomr -,----*.- -- - - - - -~- 168
A.1 thrwigh A.15, Shot Erie, Series 34S5 5-----------------178
A.16 through A.28,. Shot Lacrosse, Series 31587 -- -ý- -- -- -- -- -- -- ----..-- -- --_185
A,29 th~rough A 4A1, Shot Huron, Series 375OF -- -- -- -- -- -- -- -- -- ----- -- -- -- --- 192
A.42 through A,,56, Shot Flathead, Seriee 35157 - -- ,. - - - - - -198

A.57 through A.67, Shot Apache, Serlan' 37214 - - - - - - - - -200

A.603 through A.79, Shot Apacl~o, Series $7218 -- -- -- -- -------- -- -- -- -- -- -- 211
A.80 through A.92, Shot Zuni, Series 34383------ .- - - - - -217

A.93 thromrh A.108, Shot Cherokee, Kodactirome Positiv'e, F-84- -- -- -- -- -- -- --- 224
A.109 throqqh A.1.27, Shot ý'TAvzjo, Sories 36808 - -- -- -- ---- -- -- -- -- -- -- - - -- 232
A.128 rhrmn%,h A.1,40, She i.ewa, Series 37477----------------- 241
A.1L41 through A.158, Shot Dakot~a, Series 34377- -- -- - - - - --- - - -248

AX179 throagh A.171, Shot Dakota, Series 35923 - --- -- -- -- -- ---------- 257
A.172 through A.182, Shot Dokofta, Series 38231- -- -- -- -- -- -- -- -- -- ---- ------- 263
A.183 throujih A.191, Sbot Dakou.a, Serles 36233----------------269
A.192 thr'ough A,204, Shot Dakota, Serl~s 36236 ------------------- 273
A.205 through A.211, Mnot Dakota, Series 36241----------------280
A..212 through A.2115, Shot Dakota, Series 36242 -- -- -- -- -- -- -- -- -- -- ---- ----- 283
A.216 through A.223, Shot Dakota, Series 36249- -- -- ---- ---- - -- -- -- -- 285
A.224 thmrough A.232, Shot Dakota, Series 38250 - - - - - -- . -289

A.233 through A.251, Shot Dakota, Series 36299 -- -- -- -- - - ---- - - - -294

A,252 tl.rouugh A.256, Shot Tj":Ota, Series 36 100 .- - - -.-- --- 303

13 -14
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Chapter I

UINTRODUC!TION

in the definition of the cap:'Obillties of present-day high-perforn nce aircraft to deliver nuclear
weapons of higtb yield, thermal radiation app+,,ars to be the limiting criterion. In order to pre-
dict the thermal effects of a n-clear explosion *n aircralt structures, it Is first necessary to
be able to prr~dict th*c intensity, wavelength distribution, and time irradiancy relationship of
the thermal radiation incident upon. critical surfaces, which may have any orientation and loca-
Sion in space.

1..1 OB ECTIVES

The priarary objective was to obtain and (wzluate experimeiital ciata of the basic thermal
phenomena associated with the nuclear and thermonuclear explosions detonated between 5 May
and 22 July 1956 at the Pakcific Proving Grounds (PPG). This data was to be obtained from
airborne instrumentation.

The phenomena of interest wfeV those of significance in the prediction of the thermal radiant
exposure and irradiance at a, point in space, as a result of a nuclear explosion.

The phencomena included: (1) fireball geometry, including size, shape, and rate of rise;
(2) fireball characteristics as a thermal-, energy source, including black-body quality, emis-
sivity, and color temperature; (3) albedo, effects of the earth.'s surface and of clouds; (4) effects
of shadowing of the earth's reflecting surface (decrease in effective albedo at smaller angles of
incidpnce because of surface roughness) and the obacuration by the fireball; (5) degree to which
the emitted thermal radiation is anilsotropic; (6) effects due to scattering and ai~sorpth: as
functions of wavelength; and (7) variation of the spoet. tl distribution qf the thermal energy in
the visibbi region as a function of time from the first minimum to about 10 times the time to
the second maximum.

1.2 BACKGROUND AND THEORY

With the advent of thermonuclear weapons, thermal radiant expo~sure became oIne of the
limit:ng factors in the delivery capability of aircraft. In the preliminary estimate of tht rmal.
inputs to be received by the delivery alrci Ali (Reference 1), many assumptions and approxima-
tions were necessary because of lack of data and the difficutty of any analytical 4ivlution. Many
significant parameters can be i-iestigated adequately only at a stulear test opf,. tiffri, (Thesf-
paranietier' are, listed as the objectives of this project.)

Methcudm used to predict the thermal raidiant exposure received at a point in space consi~der
such paraineteris as fireball size, tih-ape. rate of rise, and color ternperat~ie. Additional far-
tors are the albedo effects of cit, ds arld of the earth', surface, atmospheric effects ot scatteir--
Ing aznd water vapor absorpti'n and variation of spectral distribumtlon as a function of tlm..t'
yield, an~d height of s'Wrat, I these additional factors are neglected, the following equat~o~n for
an airbur.,.t isi obtained (Referenc~es 1 and 2)-
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Q ý- 3.77 X 10' (W4'W4/d 2)

Wh-re: Q radiant exposure, cal/cm2

W weapon yield, kt
d distance between fireball center and receive,, it

In Reference 1, consideration of some of the above mentioned factors r•!sult,'d it modifica-
tions to the basic equation as follows:

QE z; QN Fv (Tv cos 0+ TV•P) + FR (THTw cos 6 + TH Tw'py)i A (1.2)

Where: QE = thermal radiant exposure on a horizontal receiver, cal/cm

QN = thermal radiant exposure on a receiver oriented ni rmally to a radial from
the fireball center in a vacuum, cal/cmi

A = fraction of the total thermxl energy released in either the hemispherical or
sphurical fireball phase ýFtgure 7 in Reference 1)

FV = frkction of the total thermal energy in the visible region of the spectrum
from 0.3 to 0.1 micron

FI m fraction of tC.oo total thermal energy in the infrared region in the explosion
radiation spectrum at wavelength greate than 0.7 micron

cos 6 = cosine of tkie antgle between the vertical through the fireball center and the
slant range imie

TV = frartional transmission due to scattering in the visible region for the direct
radiation

;f V fractional transmission due to scatterting in the visible region for the
ground-reflected radiation

TH •fractional transmission due to ocattering in the "iaze layer over the entire
spectrum for the direct radiation

TH = fractional transmission due to scattering in the haze layer over the entire
spectrum of the explosion radiation for the reflected radiation

Tw - fractional transmission in the infrared region of the explosion spectrum due
to water vapor absorption of the direct radiation

Tw Mfi fractional transmission in the infrared region of the explosion spectrum due

to water vapor absorption of the reflected radiation

p - average ground albedo (Table 5 in Referente 1)

Sr"tio of the ground-reflected energy per unit area on a horizontal receiver
to the direct energy per unit area on a receiver oriented normally to a
radial from the fireball center at a particul-r point in space, in .- vacuum,
for unit albedo and for either a surface hemispherical or an air spherical
firebuii (Tables 7 and 8 in Reference 1).

Equation 1.1 was devel ped as a r-asonably .alid analytical expression for treating all air,
surface, and intermediate- height bursts with yields of 500 kt or less. Although this equation
seems to give results that are in better agreement v Ith test lata ttan other methods, many
parameters have received only curs-,ry constderatioi In consequence, it was determined that
Air Force Cambridge Research Center (AFCRC) participation during Operation Redwing was
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desirable to acquire additional data. The desirability of combining efforts with the Wright Air
Development Center (WADC) aircraft weapon-effect projects was ohvious. The utilization of
Naval Radiological Defenme Laboratory (NRDL) Instrumentation and calibration facifftles, to
avoid costly duplication and to permit correlation with the results of previous testq, was also
desirable. Conferences including representatives of WADC, NRDL, and AFCRC established
the test plan. It was agreed thuat the breakdown of responsibilities in this effort would be s
follows:

1. AFCRC would assume responsibility for the technical aspects of the basic thermal por-
tion of the operatlot, on four WADC aircraft (B-47, B-52, B-57, and B-66), and serve as tech-
nical consultants to WADC and NRDL. Specifically, AFCRC, with assistance from Edgerton,
Germet %ausen and Grier, Inc. (EG&G), would determine correct film, filters, lenses, exposure
times, and film-transfer rateu. The :educed thermal data would be analyzed by AFCRC for
information on the parameters outlined in the objectives of this project.

2. WADC would provide funds for NRDIL equipment and services, N-9 gun sighL aiming point
(GSAP) cameras, recorders, amplifiers, and conetrol circuits. The WADC contractors would
install and flight-check the Watrumentation.

3 NRDL would supply the radiometers and calorimeters, make electrical and thermal
caJab ations before and after the test, and carry the data reduction through the tabulating, plot-
tilf, and correction phases.

4. All agencies concerned would provide necessary personnel at the test site.
Thus, tho desired data would be available as results from the calorimetric, radiometric,

photographic, and spectrographic recordin,•s from each event.
I was expected that much of the information desired would be obtained from the film records

of the GAP cameras. From 20 to 35 cameras were utilized on each event. Some were filtered
to obtain fireball pictures in the blue portion of the spectrum (3,400 to 4,500 A) or in the red
(6,800 to 8,800 A). Other camer -s were equipped with spectroscopic attachments developed at
AFCRC to obtain spectral distribution information am a function of time in the spe.ctrdl region
from 3,200 to 9,000 A. More detailed information of the instrumentation appears elbewhere in
this report.

Densitometric measurements of the fireball films would provide an illumination-ver aus-area
record of thermal radiation sources within the fields of view of the instrumentation, supplement-

ing the spectrographic and calorimetri, data.
Analysis of the spectral data would give information on color temperature. If the fireball is

.tasumed to have black-body qualities, the spectral distribution of its radiant energy can be
characterized by an effective color temperature, i.e., the temperature at which the relative
intensity, as a function of wavelength, it distributed according to Planck's law of radiation,

Planck's law of radiation can be approximated by Wein's formula when A T << 3,000 micron
degrees, as follows:

log I (I A0.4343 c/AT) + log K (1.3)

Where: I = intensity of radiation per unit waveiength
A - wavelength, microns

T - temperature, "K
c - 1.4385 ) 10' micron degries

K - a constant, the numeri al v tue of which depends on the units of I and A.

It ntensity meassurements are corrected for absorption of the air by extrapolation to zero
distance, they should follow the above law. Therefore, a straight-line fit to a plot of
0.4343 ciA versus log I A' stx dd have a slope equal to -I/T.
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Chapter 2

PROCEDURE

2.1 OPERATIONS

The two-atoll (Bikini and Eniwetok) arrangement at the PPG and the wide variation of weapon
yields compounded the problem of properly Instrumenting each aircraft for each event of the
operation.

2.1.1 Thermal Measurements. Aircraft positions were obtained from the individual projects
as soon as possible. Instrument-sesittivlty selections were made utilizing a combir tion of ex-
trapolation of Operation Castlr data anmi the method of Refe-ence 1, as reduced to a rP)mograph
form for Operation Redwing (Reference 3). The NRDL personnel furnished the instruments to
the individual contractor for installation and accomplished the preflight electrical calibrations.
After the event, the individual contractor performed initial data reduction.

2.1.2 Photographic Coverage. Following the establishment of aircraft positions, a detailed
photographic plan was accomplished. Some variations of the basic camera configuration were
made to take advantage of aircraft positions. Films, lenses, filters, camera speeds, and aper-
ture settings were selected. Film requirements were given to Task Unit 5, which assisted in
the field effort by providing loaded magazines, processing exposed film, repairing damaged
cameras, and servir4 in a consultative capacity. Cameras were prepared and furnished to the
individual contractor for installation. Installation was accomplished on the evening of D- I day
or the morning of D-day. After the event, the film was returned to Task Unit 5 for processing.
The film was reviewed by project persomnel for qualitative analysis of results. Films were
then returned to the continental United 9-tates for further processing and ananysis.

2.2 PLANNED SHOT PARTICIPAW ON

The coverage of basic thermal m ar-,mnents from aircraft was quite extensive in the num-
ber of aircraft involved, the numbf of i!hruments per aircraft, and the number of events in
which the aircraft participated.

Participation was planned for every even! ior which any of the four aircrat carrying Project
5.7 instrumentation participated, although In several cases the aircraft were positioncd for other
than thermal effects. The planned participation for the operation is given in Table 2.1, and the
event statistics are given in Table 2.2.

Partial instrumentation for a backup ground station was planned to cover all events, except
Shots Yuma and Osage.

2.3 INSTRUMENTATION

Twenty-one channels of thermal information were recorded on each aLrcraft. In addition,
the B-47 and the B-52 were Instrumented to measure the thermal radiation that would be back-
scattered to the cockpit. This Instrumentatioit Is discus6,,,d later in this report.

Eighteen channels recorded the outputs of sensors lo, att.A in the tall section of each aircraft
(Station 1, Fi,, e 2.1). These sensors were preset on th, ground to point at the fireball during
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the thermal I 1uise and were suitably filtered to obtain broadband spectrt- dlntribt.!on infnrTi.a-
tion, Various fields of view (21' to 1600) were utilized.

The three remaining sensors of the basic instrumentatioii were oriented vertically to the
earth's MUrfeP .. nd. -"ted Ln the lower ,,o,-f ig.. . of each aircraft 'St....•cjt 221. Th, purpose of
this instrumentation was to measure the thermal radiant exposure Incident upon a horizontal
surfact Each one of these sensors was fashioned with a hemispherical ftUtpr that had a 160°
field of view. Two of these filters were of quartz, which transmits nearly all of the spectrum
(essentially 0.2 to 4.5 microns), and the other was of red Jena glass, which transmits princi-
pally in the -nfrared (0.7 to 2.5 microns). Because of the proximity of these instruments to
each other and to other obstructions, one of the quartz 1600 filters on each aircraft was re-
placed, for the last few events, with a 90° filter. This was accomplished to assist in the eval-
uation of effects of obstructions within the field of view of the Instruments. In the case of the
B-57, it wa% possible to add the 900 instrument without removinF a 1,0° instrument.

Each of the aircraft carried some additional thermal instrumentation that was not provided
for within the scope of Project 5.7. This instrumentation consisted of two thermal sensors
located within the radome of each aircra/ft. The B-47 also had a c lorimeter oriented at right
angles to the seasors in Station 1 and another mounted vertically in the left rear horizontal
stabilizer.

In addition to the thermal sensors. N-9 GSAP cameras were used in these two saat ons In
each aircraft. Two cameras were located in the lower fuselage (Station 2) with the same orien-
tation an the three thermal sensors. These had a large field of view and obtained photographs
of the albedo surface. Six cameras were located in the tail instrumentation section (Station 1)
of each aircraft and were pointed at the fireball. Four of these were of primary interest and
were fitted with red and blue filters to obtain photographs in the spectral regions of 0.34 to 0.45
and 0.68 to 0.88 micron. Lenses were selected to obtain as large a fireball image as possible.
but with some conservatism because of the pointing errors that it was reasonable to expect. In
the case of the B-57 and the B-66, two of the four cameras were equipped with the spectroscopic
attachment. The purpose of the other two cameras was to provide information. in the field, of
the aircraft orientation with respect to the fireball. Although these cameras were the resptn-
sibility of the individual aircraft project, the filaw was of value to this project. Arrangements
were made for AFCRC to be provided with the original negatives and with prints of those films.

In addition to the cameras included here in the bavic instrumcntation, there were other cam-
eras, on three aircraft, which were incorporated aa the jroject progressed. These Included
one camera in the backscatter mount on the B-47 (Station 3ý, two additloatl cameras on the
B-52 in the cansera housing aft of the cockpit (Station 4), and four to giix additional cameras on
the B-66 in Station 2. The additional cameras on the B-47 and B-52 were installed to provide
photographic coverage of the thermal backscatter instrumentation. The additional camera
mounts that became available on the B-66 were utilized to provide additional coverage between
the directions of the radial to the fireball, and vertically down. Infornmation on the aditional
cameras is furnished later.

More detailed imlormation of the basic instrumentation in Stations I and 2, includ'ing field-
of-view and filtering information, is given in Table 2.3. In some instances, more than one
instrument he I the same field of view and filter in order to cover a sensitivity range.

2.3.1 Rac, ometers and Calorimeters. The calorimeters and radiometers were furnished
by NRDL in several sensitivity ranges to cover all anticipated input valuen. Calibration of
these instruments was accomplished by NRDL, before and after the operation, by the ,tiliza-
tion of standard techniques. The installation was accomplished by the aircraft proje,'ts' con-
tractors, in each case, under the cognizance of NRDL and AFCRC. This iformation, with
but one exceptton, was recorded on Consolidated recorders. The B 47 backqC. tter ifWormation
was recorded oQ an Ampex 814 magnetic tape rec,,rder. This resulted froth the kack of oscl-
lographic channels at the time the requirement for the backscatter meastrrcments arcse. The
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calorimeter autimts frequency -modulated a carrier frequency over 2, 30-ke., maximum range.
A dc amplifier was utilized to amplify the signals (which were of the order of 1 my) to the order
o! a volt, as required for the recorder irnput. The recorder response was '10 kc per volt.

2.3.2 Photographic, The N-9 GSAP cameras, supplied by WADC, had been modified by
;',G&G in accordance with criteria furnished by Clook Research Laboratory. These carnev
ý.ave a focal plane 2Md a 0.001--second shutter, employ 16-mm perforated film, and open'. ,at

64 frarne5/"'c. The 1irpose of the modifications was to eliminate nonesseaitial features that
had been found to be mhe source of certain malfunctions. Personnel of EG&G checkiad all, cam-
eras for proper running condition and collimated the desired lenses with each camera; the
camera speed was checked over a range of temperatures and battery voltage va~riations, and
found to be within acceptable limits. It was founa, however, that occasionally In field operation
the shutter opening time varied somewhat (order of 25 percent) from frame to frftMe, fhiS point
will be discussed later.

The cameras were mounted at Station I of the aircraft. Four to sqix &f theme cameras were
located in the tail section of the four aircraft, and were adjusted beiore the flight to point at
the expected position of the f troball. Lenses were selected to obtain as large a f irebal image
as posoible, with the reservation that a considerable pi . ntlng erro'r was to be expected. Lenses
with 10-mm, 17 -mm, and 25-mm focal lengths were used; these were collimated and carefully
shimmed for Gharp focus. The field of view of the 10-mmn Lenses ts 610 by 43.*5; of the 17.-mm
lenses, 35.5* by 25.5*; and of the 25-mm lense'1, 24.5* by 17.5*. The lenses were stopped to
apertures between f/5.6 and f/21.

The cameras were operated in pairs, in that either infrared and blue filters, or horizontal
and vertical linear polarizers, were used on alternate camera* having lenses with the same
fccal length. The blue filters (Jena BG-12) and the polarizers (Tiff in type) were used with
Kodak9DS-1,112 Microfile fin- grain (-300 lines/mm) film. With the infrared (Jena RG-8)
filters, a slow-speed infrared film, Type P1-N (- 120 lines/mm) wao used. These systems
will henceforth be referre& to as Red, Blue, and Polaroid. In addition, somne of tile series
were filtered by Jena NG- i neutral -density- I filters.

The overall spectral response of these systems, In absolute units, is shown in Figure 2.2.
These curven were compounded from the spectral response of the emulsions &a furnished by
the manufacturer and from the measured (with a spectrophotonieter) response of the filters
and polartzer. Since it was found that the heights of the attenuation- wavelength curves of the
neutral density filters were subject to considerable variation (presumtably they vary In thick-
ness), the curves are to be regarded as representative only. The Red sensitivity extends
from 6,800 to 9,000 A, and the Blue sensitivity, which Is less clearly delineated, from abo.ut
3,800 to 4,500 ;. The equivalent ASA speeds of these film-filter syste-ins (less the neutral
density filters) are about 1.

2.3.3 Opectrographic bistrumentation. The spectrographic In~strumentation consisted of
18-mm, N-9 motion-picture cameras modified by the addition of AFCRC s;wectroscoplc attach-
ments. The assembled instrumeiit is shown in Figure 2.3 and an exploded view in Figure 2.4.

The apectroscopic attachment employed a Bausch and Lomb 3-prism dispersing element and
associated lenses. A second type, developed to extend the spectral coverage (3,200 to 9,000 A),
utilized a gradlng fov the dispersing element.

The former attachmnent consisted of a slift, collimating lens, and a 3-prism Amidt dispersing
element. The slit to of the step variety consisting of five steps whose widths vary logarithmi-
cally 'rom. 10 to 800 microns. The widths were chosen to give equally spaced e4posures stlong
the "st and rt' curve of the emulsion; thus, it man possible to determine the realative intensity
response of the filmi at each wavelength on each frame of datm. This is nscessary for obtxin'Ang
a fair degree of accuracy in l'ie measurement of th'! relative intensity as a function of Wav@e-
length by holdf ig to a minimurn the errors introduaced by nonuniformities in the emuiision anid
fiUm processing.
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The collimating leas is a cemented achromat with 7-mm di.-mter and 35-mm focal length.
The Amici prism, manufactured by the Bausch and Lomb Optcal Company, is a typical one
composed cI two ,rown glass prisms and one flint glass priea-n properly orientated to give a3
st. aight-through or direct-vision system in the spectral region of 4,000 to , 000 A.

A shade and an opal disk placed before the slit provide a simple means of varying the field
of view of the instrument as well as assuring uniform illumination along the Length of the slit.

A filter holder placed between the prism and camera lens allows for the .nsertion of neutral
density filters for extending the range of the Instrument and the inclusion ( a Didymium filter
to provide known absorption lines in the spectrum for wavelength calibration.

The standard 35-mm f/2.8 lens supplied with the N-9 camera Is used as the camera lens
for the spectrograph, thus retaining an optical system of unit magnification.

The N-9 camera was chosen for its versatility in the selection of exposures and the ý'me
resolution available with the 1-ms:c and 0.5-msec shutter speeds. A complete discussion of
the N-9 camera may be found in References 4 and 5.

During the tests, the spectrographs were, in general, installed as follows: two each in the
tail m:ount of the B-57, in the tail mcunt of the B-66, in the after fuselage mount of the B-C6,
and in the photo tower on Site William or Site Elmer. Exceptions to this occurred on shots In
which the B-57 did not participate and when attempts were made to measure backscattered light.
In these cases, the B-52 was instrumented.

The time interval of major interest was from the first minimum to about 10 times the time
to the second maximum; thus, the camera speed normally used was 64 frames/sec with a tine
resolution for an individual frame of 1 msec.

Exceptions to this occurred for cameras located at long slant ranges for shots of high yieiW
where it was determined that 32 frames/sec was optimum.

Three fields of view were used on the spectrographs during the operation. A plot of the
measured relative response of the spectrograph over these fields is shown In Figure 2.5. Toe
field defined by the opal with no shade approximated a Lambert surface over a total fiel.A of 160°.
This fiel,) was used on all aircraft installations. The addition of a shade to the opal Wrated tt -
field to about 40". This combination was used for all data taken from the photo tower on Site
William. Replacing the opal with a ground quartz diffuser resulted in a still nat rower field but
with an increase in sensitivity of a factor of 2 at the peak. This combination '#as used to advan-
tage on the medium- and low-yield events recorded from the photo tower on Site Elmer.

The experimental procedure was straigItforward. Loaded film casettes for the N-9 cam-
eras were obtained from EGAG. The film was titled, then loaded Into the spectrographs, and
operated to check that the cameras were running properly and that tie film was traveling freely.
Each spectrograph was then exposed to the radiation from a high-pressure mercury arc. This
resulted in a few frames of mercury spectra on the leader of each film to serve as the wave-
length calibration. The prepared cameras were installed in the aircraft several hours before
the scheduled mission and the ptics cleaned just prior to takeoff.

Upon completion of a mission, the cameras were removed froya the aircraft and the exposed
film delivered to EG4G for processing, after which it was reviewed for exposure level a! I then
sent to AFCRC for data reduction.

2.3.4 Aircraft. The four aircraft used were the B-47 (Pr 3Ject 5.1). B-52 (Project 5.2),
B-57 (Project 5.4), and B-66 (Project 5.3).

The instrumentation of the B-47 included all the basic instrumentation. In addition, extensive
coverage of the backscattered radiation was provided by six of the sensitive (7- and 20-junction)
NRDL calorimeters. Two of these were mounted in % camera housing on top of the fuselage
abc it 8 feet aft of the canopy (Station 4). The instruments were orienteu 15° above the horizon-
tal, with one 30* to the left and the other 30" to the right of the aircraft ,ose. The other four
calorimeters-, re mounted in the navigator's compartment (Station 3) and pointed forward at
65° above th norizontal. These Inwrumerts ct iered the area between the fieids of view of the
two calorimeters mounted aft. A camera vais mounted parallel to the four calorimeters in Sta-
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tion 3 to provide phoviographic coveragu. Photographs of the tail instrumentation appear as
rigures 2.6 and 2.7..

The B-52 carried the complete basic insti Lmentation, as well as two calorimeter•- and two
canfte-aes• to _'A.li, ha(ckscatter I_, . .. k-0-m1 _#P- IV"' l •'-M-A'''•tRV fy(40-u cin lrn

'PL l~ 
::4L II 16AIU IIIII1. • i • ,• -u ztl I

ter Was "mounted close to Ithe winPdshied beh'ind .e thLrlrra curtain. The second calorimeter

was mounted externally a short distance forward. Caiorimeters arid cameras weru. pointed

forward with an angle of elevation of about 50° above the horizontal. The cameras for the back-
scatter instrumentation covvrage were in a camera mount corresponding to Station 4. Photo,-
graphs of the tail installation appear as Figures 2.8 and 2.9.

The B-57 carried the basic instrumentation. No backscattering measurements were made
from this aircraft. The only variation from the basic instrumentation was made midway through
the opera! in when a calorimeter with a 900 field of view was added to the vertical station (Sta-'
ti )n 2). 1 ie tail instrumentation station is pictured in Figures 2.10 and 2.11. T'ýe vertical
station was mounted in the aft hatch door.

The B-66 instrumentation was similar to that in the B-57, and no instrumentation for meas-
uring backscattered radiation was included. The instrumentation differed from that in the other
three aircraft in that the tail turret, into which the tall instrumentation was incorporated, could
be depressed to only 700 below the horizontal. With the inclusion of smaller yield weapons, this
limitation became a major problem; because if the aircraft were positioned for receiving desired
inputs, the tall instrumentationd could not be pointed at the fireball. This was solved by fabri-
cation of a second instrumentation container to be mounted in the lower fuselage station. This
container could be tilted fore and aft up to 30° from the vertical and cover the region that the
tall instrumentation could not cover. It was planned that, on those shots where the optimum
position would not permit use of the tail turret, selected sensors of the tail instrumentation
would be Lansferred to the lower fuselage station. The camera mounts were utilized on most
events to obtain more complete photographic cover. ,e. Photographs of the tail Instrumentation
appear as Figures 2.12 and 2.13. These photographs depict a bad case of instrumentation foul-
ing by dirt, water, hydraulic fluid, and the waste products of the JATO units.

2.3.5 Ground Stations. The ground effort of this project was limited, but analysis of the
data establishes its importance. Arrangements we -e made with EG&G for the operation of two
N-9 cameras at a ground station on each atoll. These cameras were equipped with the spectro-
scop - attachment. Inclusion of thin effort resulted in a capability of making: direct correlation
betwi en data obtained on the ground and data taken with identical instrumentation from aircraft.

Data was also taken with an N-9 camera fitted with the spectroscopic attachment and using
the sun as a source, to provide atmospheric transmission information to be utilized in the anal-
ysis of photographic data.

2.4 DATA REQUIREMENTS

The data requirements of the project were as follows: (1) measurements of thermal radiant
evnei,,u% a.rr IPin a f ,,vntinn nf qrn•,trs.1 rpagirl and instrument field of view from points

in space, for various weapon yie'ds, heigzits of burst, meteorological conditions, and Instru-
ment orientations; (2) measurements of radiant exposure of thermal energy scattered bh the
atmosphere under various geometries and meteorological conditions; (3) photography of the
fireball in the red (6,800 to 8,800 A) arnd ,ue (3,400 to 4,500 A) regions of the spectrum
for various weapon yields, heights of bu mc.eorological conditions; (4) photography of
various albe 'o surfaces, such as the earth's surface, clouds, and the white shock-frothed
water surface; and (',) spectral photography, such as was requir'd with spectroscopic attach-
ments mounted on N 9 cameras in the spectral region of 3,200 ýo 0,000 A.

Data requirements from other projects and agencies included supplementary lnf,ýrmatlon
reqi ired for itterpretation. tnd analysis of the thermal measurements and such photographic
records as aircraft positio s In space, meteorological conditins, weapon yield, height of burst,
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and similar '.ciors. Thermal and atmospheriv Atrans-nission d~'ta obtainvd by ottlie projevts4
was to W. correlated with the data resultinug from this effort.

2.5 RADIOMETER AND CALORIM¶ETER CA141BRATION AND DATA REDUCTION

The calot inieters and radiometers were furnished by NRI11, in several sensitivity ranges to
cover all anticipated inp)ut values- Calibraition of these instiuuments was accomplished by NRDL,
before and after the operation, by the utiliZatlon 01 standard techniques. A11 data presented
was rcvduved at AFCRC using constants supplied by NRDL and Projerts i, 5.2. 5.3, and 5.4
(contractors).

2.5.1 Procedure. Essentially, the data reduction for 1ie calorimeters (a description of the
NRDL Mark 6F calorimeter is given in Reference 6) consisted of the following:

1. Converting the galvanometer dt'flection, as measured, to galvanometer deflection cor'-
rected for the heat lost by the instrument through conduction and radiation. 1is step corre.-
sponds to correcting the solid curve of Figure 2.14 to the dashed curve of the sAme filgure.
This is a typical calorimeter problem.

2. Converting the corrected k, ivanometer scale deflections to millivolts across the thermio-
couple, to temperature rise, and to energy received during the course of the event.

3. Correcting for the average reflectivity of the windows and filters.
4. Diffe nitiatlng numerically the resulting curve of radiant exposure in respect to time to

obtain the 11 Ldiancy.
The reduL.ýion of the radiometer datA followed a similar procedure essentially, except for

Steps 1 and 4.
Two calibrations of each calorimeter and radiometer were made, both at NRDL. The Instru-

ments were precalibrated before they were mounted on the aircraft. At the conclusion of Op-
eration Redwing, the instruments were dismounted and ihipped to NRDL for a postcalibratlon.
It was this postealibratioii that was used in the final reduction of the data. Both calibrations
were madle in the laboratory with neither window nor filter in front of the detector surface,,
Table 2.4 lists some of the calibration factors selected at random.

An inspection of Table 2.4 shows that the calorimeters were apparently more stable toward
holding their calibration than were the radiometers. However, the difference in the pre- and
postcalibration factors will not completely explain the randomness of 'the data as observed. For
one thing, a two-point calibration in which the Instruments have the variation shown gives no
reliable information as to the proper calibration factor for any particular event. Furthermore,
the variability in data (an example of which Is shown in Figure 4.3) trndicates that this particular
calibration technique may hzve been Inadequate. The data, however, was rnot in a form where
it was possible to make detailed comparlsons of the performance ol' several individual calorim-
eters or radiometers as a function of event.

As no facilities were available in the field for calibration purposes, individual filters or
quartz windows were no~t calibraiecl during the test series. It was assurr %d that no changes
occurred in the transmission propcirties of the filters or windowii. This assumption may not
be uniformly true. considering th( intense heat to which the filtcrs were subjected. A certainl
amount of varianct- in caibraC.t ion, ;itot shown ini Tabit, 2.4, may iqe ascrihl''i to unobserved
chianges that may have occurred in the propei'ties of the filters.

2.5, 2 Filter Characteristics. In Table 3.4. filters-, used oa the projert are listed together
with the Wa-vefenis71i-rregions through which they transmit energy.

Sn Andard Coi ~aing filiters were uloed to determtine the amno-int of radiant e'nergy that rcan he'
4expected in various broad ri iol of the spiectrurn bet ween 0.2 arid 4.5 microns. For dlata i'oV -
lected under these circumstances to be ef greatest utility, it is necessaxy to know in det iii the
transmissiona propert ies oi thle filter!s an .1 funiet o 11f wa'/clt ith. Ideally, this knowledge S110IIld
extend to the ipectral t ransnmissioin properties ol ih An a r~'lg~ oopue d finally to tfiv
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spectral tcharacteristics of the~ soujrce. Wtherwise, vaution must be exercised fit applying con-
vlusion~i drawn from the data to other situations that are not optivaily simiilar.

As an example of the transmission properties of a jpartb Oar filter, TAblv 3A lists a Filter
B that transmits beawt-en 0.9 andc 2.5 microns. This particular filti~r is a Cornhing 7-911, WIhoS!
transmission (uncorrected for rvflection of the surfa(es) I.- given hy the mianufacturer (Refer-
ence '7) as that tshowu in Flgu-e 2.15. From the figure, it will he observed that approximately
two-thirds of the energy (64 percent) from a white 'source would be transmitted within the noni
inal limits of 0.9 to 2.5 microns. Similar statements ,,an be made about the other filters.

In some respects, the statements made are a bit misleading, because somic of these filters
transmit a significant amount of energy outside the limits given. This statement is reinforced
when these filters are coupled to a moist Pac ifice atmosphere and a high-temiperature sou. -r-.
In this case, ths. absorption by water vapor has only a few windowii in the infrared spectral re-
gion, while the absorption by the same water vapor allows a much greater percentage (if eniergy
to be transmitted in the visible spectral region. This Is further enhanced by the Increased ratio
of visible to Infrared radiation emitted by a high- temperatu re source. Suzch arguments were
used as the basis of filter limtits tabulated in Table 3.4.

2.6i PHOTOGRAPHIC CALIBRATION AND DATA REDUCTION

2.6.1__Development andSensitometry. After each detonation, the films were processed by
EG&G personnel lin their field unit. Processed under the same conditions was a strip of film
that had been eýxposed with a step tablet and an EG&G Mark yI sensitometer. The films were
developed to a gamma (contrast) of about 1.0. The step tablet was an Eastman Kodak 2, with
21 steps and densities up to 3.0. The aensitonieter used an FT 110 Xenon lamp, at 5,0( meter-
candle seconds, in aortic cases this exposure wast reduced by use of a mask. The lamp t sh
time was about the same as the field shutter time, roughly 1 msec, to mninimize rectprc 'ity--
failure vffects. WrAtten W29 red and W36 + 38A blue filters were used on the Red and Blue
film strips, respectively. Thehe filters do not have the same characteristics as the Jena fil-
ters, and the lamp does not, of tourse, have the same spectral composition as the light from
the detonation; this is expected to Introduce only a small error in the calibration (Figure 176
of Reference 8). Unfortunately, however, the senaitonietric exposure was often insufficient to
expose the film to the high photographic densities observed in the field. Furthermore, sonic
of the step tableto were lost in transit back to the contitnental United States.

2.0.2 Microdensitometry. A Jarrell-Ash Company Jaco JA 2310 recording microphotonmeter
wai- modifiled to accept 11';c film reels and to read optical density Instead of transmission. WhIth,
it, the opticAl density of the films could be mcasured semiautomatically. The instrument re-
corded ('arrow-bean,) oytlcal densities from 0 to 4. ', souased by a 931-A photomultiplier, on a
Bristol b.~rtp rhart recorder. The image of the frame could be projected onto a ground-glass
viewh -, screen., with linear magnification 15X. A reticule was placed over this screen to locate
the scan positions. The mic rode ns Itometer alit was set at 55 by 100 microos as a compromise
between resolution and asensitivity without e'xcessive noise. The slit height appears on the photo
graphs (Figures A.1 through A.256 in the Appendix) to the right of symbol ".1I" ; note that It is
not as small -as could be desired. Similarly~ the secruilng ap'-ed was chosen as 2.5 mnt/min; the
timie for a complete horizontý-0 scati Is Riout 4 ml Muen. The stage on which the film was mount -

ed could be rotated, and scans through various festures on each I r;i' ae could be taken. A typical
trace is shown In Figure 2.16. The noise Is presupdably due to the granularity of the film (wove
Cbapter 24 and especially Fig.ure 358 of Reference 8).

The imanae on th-e vicwhig screen of each of the framnes that was scamiied was photographed
with a Linhof Technika camera fittud with a Land Polaroid back. An attachment to the mnicro,
densitometer console allowed the camq.ma to be, quickly swung into piatiton.. Polaroid 48L film,
which makes a positive tranaparency, was used, from this Ii uspAreixcy rnlalrgenwaerm wecse ynade,,
Suchn en.largements are shown lin the Appendix,
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ratlhkr ti.eall for atvc diatf*I 0111- Al Kolnefry. Conse9quently, sp~jitcl of the'ir iming, fittedi witIN -"oat

Wl i 14 1 t 4~. A A t 'l ~L t

tht, (-vtra'st ~io ý#. dyn~anklc range of brighNoesses* below 10. Tate siluation ls agymvat~ed 4) w
heatt ing of tfTv' lc(seo3, lilers ;. orb. veýt i ,r extcr ý'AA Camera. part s during Ot}e hwenial pulse .' and
by duMi An sjyl'ay Oil file lenses. Fur,:ermore, the fireball typi'.-ally covers an. 'Amporti~nt fr~iv
tio of the 'arui.-rl fl$ýld sýf view, awlt ;- there is A large arnount of ktght avajilable to Lie sý-7Ared
o'ver thisa dimmV er iti (. the p~xtogx'aphni.

!, -cnL.tewnrv of 1,111 flax-e lightI is borne 6,ut the albedo mreasurt~ments ol Ch~apter 4, !n
w)hfel h e Jow'-fii Abedt' po~ints, near tht, phiotograph edges, ýrv~ Pvvev ftess briZIA than IG '

Ow;~t ;n-ihtvst firt'b~dl surface arieas. Consequontly, tIA& lowest br4tespoints are ~ba

jo e't tIo 'ervr, and i tsOf it. -in'jterSjty fme!ASuvments must he Interpreted ( areulty.

2.6.4 Analys44 of Microderstton-teter Records. Hurter an~d Drift icid curves (M and D, dow.
.Aty vo~rsuii log ý,x~aure) 'or' the various f~lmG that wvrce scanned were preparod feto-i~ t~e sen-
sitized film strips The rnicrodenhttomnovr traces could he analyzed with 'Mie aid of transy.;areat
.FýIastlc scales, engraved with. the appyropriate reticule V-idwork numnbers; these enablvd Ai
hrigh~rie~s at various poisitions on t~i image of the rnuckar deton-Ation to bz, found. Brightnes
inaps c4 selkC -_ E.-ames were p~repared1 (Chapter t), and isophot contour maps were niadiŽ by
eunnerti~g up p)ointb of -qualIi hIghtnuess.

2.7 SPFC'I'ROGRAP~HC DATA TIEDUCTION ANP CALIBRATCION

,At A FC .hepvt1 Unweerduced ýrou~h use of a interom1ensitorneter to curveh
ol filmn denjity Vt~rsu*; wavelength. H and D curve3 were thten constructev at selected wave-
logtths hz,)m1 due Y4tp Blit ca~Iration and the densittes at t00-A intervals convert-t-d to relativ-'
Int-nN~ties. The ýariaflon of relative intensity with wavelength due to emulsion resporise. and
intrunient transtntsslon wao corret-ved ifuxough calibration of the instrument and filmi av;Anst
ai tungstcn stAndarf JIzp swzpplied b~y the Natioiud Bureav o' Suandards,,



X~ ran , arioiair%

I x Id

Gheioke x x
14ror so x x

ZUAe~fo x

Inca x x
Navajo x x

x I I xx x

Kickapoo x x I
Awmxx x x x

Ibhamrk I x I x -
Tow& X4 we X

£Particiration In this event wras p~wlmd only if justified
becasue of not acoquiring sufficien~t data an other shots.

I \111:2 2SJh11) STATISTICS

StittDateI'm-iollApproximate ri)PV io

I ~ ~ a Eni (O SNV lwet.tok , YVoflfl 319.5 Stilw:ce

('hc ii fk' 2I M:11 Iikini , (.uflu 3,900 Air drop over W~.'tr
a) 5000) feet

/iuo1i :2.8 N 1:t1 v Bikini 1 Lwv *3,3 SýIrfmcý

-1u AM MaiY Eniwetok, Sa~lly 14 .]9 24)0-foot towc r

3vit 1 Nlov E niwetok , Vvontl 14.9 34)4)-toot tow er

S i 1 1i Jun. E niweto(k, Ir-en' l13 .7 Surfa~ce

P1 atheaid 12 litte Ihkiiii. off Do~g 36 1:1rge

fflacklioot 12 June EV iii vok , I'vonne s.5 200-444 ;toI W. v

Kickapoo 16f June, i-niw0tok , Sally 1 49 :100-foot towel,

OS8Ige 141 Jtir&A Eniwetok , Yvoiruw L 7 A;r bo;p at 700 ec~t

Inc a 22 Jine Eiluiwet~w' . Pe arl 15.2 2440-toot, towel,

I)A;Aikt:; ,,, C'111k ot i, ofs Do g 1 ,1()() Barge

MoIE th'iI 3 Jil0  En i~Jwetok , Iitl~ AM) 3041-ti ot t 'wvr

Atp'teic 9 .Itiy I "' Triw6tok , MIiko c l';tCI 1,95o I Iii rge

Novaji 11 JuL0\ B ikini , off Do'g 4,500( Barge

TeV;1:1 &tly Ilikini., oft D~og 64 t Borge

22Ju I v nwtjk I\ikoet')atdir
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Aircraft ,utrnt Filter Field of View Sti or. itactral
I r Focal length ýN ,cer R•W*e

Nwaber
'dajgme or v m/crons

AlU Radiomtears 2 (.mlrts, flat 90 1 0.2 t.• 1.5

1ll 1. 0.2orWm4.All Caiorimeters 3 Qunzts, flat 90 1 0.a to, 4•.
Ail Caloriter 1 3-69, flat 90 1 0.5 tý3 21 5

All Calorimter 2 2-58, flat 90 1 N.57 to

Ca rm~s 2 WE-8(j0VA),f1%t 90 1. 0,,' tW 2.5
A1J. Calorimeters 2 7-56, flat, % 91; 0.90 to 2,.5
i . Calorimeters 2 C"7-•, flat 90 1 2+0 1, 12.5
AL1 CalorListsr I WaQta, dA 160 I 0.2 t. h.5
All Calorimtar 1 QrWts, flt 45 I 0.2 t- 4.

All Calorimeter 1 @WUt,, flat 21 1 0.2 to 4,5
All Calorlmte• 2 Quarts da 160 2 0.2 to 4.5
AL. Calortmeter I W.PIJ,,m 10 2 0,7 to 2.5
-47 Calorlmeters 6 Q,• ts t 140 3 and 4 0.2 to 4.5

B-52 Calorimtem 2 Quartz, flat 140 3 0.2 to 4.5

All Cmrzs 2 ;D w,4or GG 10 2 0.57 to 0.7
All Cmra 1 or 20 Blm, (BG 12) 10, 17, 25 1 0.-34 to 0.45
AUl C=mu 1 or 24 Pod, (RG-8) 10, 17, 25 1, 0.7 to 0.88

B-57 and 5-N6 Cmrtu 2 SpecuVoeorva 25 to 1W 1 0. 42 to 0.59ý
B-47 Caimra 1 10 3 0.34 to 0.7

H-52 Camer 2 Noos 5.3 4 0.34 to 0.7
I-ft ( Camer 4 to 6b Spsotroscopeo 25 to 160 2 0L.32 to 0.

aAircraft incorpo7 itL spectroscope in the tall in•tz••mtation (B-57, B-66) had one red
filtered and one ol•m frlwred camr in this station (Station 1, Figure 2.1).

b Of the ddittoonal six cwarraa on the 91-66, located at Station 2, Figure 2.1, tw, wre fitted

with apectroscopes. The Aler four omrs man fitted with lenses en f lters which were
req ird t, obtain the e titional inflorutior, possitbl because of geomtry. This camra
munt was oriented to the mar and 30 dogrees off the vertioal.

VAMA,1•' .4 (' AI,UJIATI0N ,WACT1IIS

,A. Y.x, Indont Balp~L 1)1 r'adionkteicr 4i! ('ntorit& 1 Cr ';d i I:ti,)fn Ilac(tours. The
-',bilbraton unit is c;ld/C i'--2 

.'-Tjc V 1y)r the r;adJ,, meter and calji_,nw-mv for
kr 01 r( Il I•• c "! te r.

Factors It - AhnB1-"n. + fl •+ •+,n. lJ. /gnflt!Io lrthji(\ . -

Pr,. ; 171_hr1,'tl, (_) \ ostcal ibratioji (it) It

liadioiiu'tc, l F- I .- 'i; r l72+ 1 - (4.12

10.',-1-10-153 L .I 1 .87 o,01

~ It'-1)- 162 1 (.8 1 75 -0

liF-50-159 111.(7 9.33 -

HF-50.-16I 7.4) 9.12 r V '+
iH -5 -. 11 10o.32L,.6 H161- .

Cal. ol'i +,t* W -II ,16(2 0,111 0 .5k i 9..4i'1

W1I-1 92 ).570 (.;13 6 0 : 1

WTI-193 0.582 0,.577 1- .0 1

i -. 1. 1.21; -- ,,

I K-K,7 o.47o o 131 -. 0 (PH

IM089. I:5 E4 ..|:1 , 4)

IMK- ', I '.,4 1. 21 0,02
I HK-•.2I I .244 1. I• -0,0)2
1DK-241; I14 I I,. 14.4)1
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91, Pý-

Figure 2.6 Tail instrumentation mount. B-47 (rear view).

Figure 2.7 Tail instrumetntation mount. B-47 (side vievw).
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Figure 2.8 Tail instrumentation meoint, B-52 (rear view). The camera
cover plate is removed. Note the two different sies of lenses on the
four cameras on the left. This was an attempt to ibtain a large fireball
image, with a hedge against missing it entirely by use of the lens with a
larger field of view on the second pair.

Figure 2.9 Tail instrumentation xnount, B 52 (side view).
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Figiure 2.10 Tail instrumentation mount, B-57 (rear view). This picture

shows a departure from the basic instrumentation in that two of the bo~ttom

four cameras were normally enuipped with spectroscopic atttachm-ents. The

configuration shown hure w-as for maximum niumber of fireball rec'ords.

Figure 2,11 Tail instrumentatIon mount. B-57 (side view).
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j

Fir'r 2.12 Tail Inst rumnntation 1nount, 1•-66 (rear v ew).
T.•i8 photograph was takeii after a mission on which the, air-
craft had developed a snmall hyd raulic leak, but the dirt and

moisture on the Instruenitat ion was not unusual.

Figure 2.13 Tall instrumentation mount, B-fi6 (siole view).

The cainera cover plate Is removed. This was thc basic'
configuration of insmrutmentati.om for O is ait cra.•,.
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Chapter 3

RESULTS

In all, there were 17 nuclear explosions, of which 11 had successful coverage by some nr all
of the airborne instrumentation installed in the four aircraft. The positions of the aircraft at
time zero are listed in Table 3.1.

3.1 CALORIMETER AND RADIOMETER RESULTS

These results are prcsented in several tables and figures. Table 3.2 presents a summary
of the effectiveness of th, thermal measurement portion of the effort. Aircraft showing overall
zero i esults either aborted the rrm•ision or had complete recorder failure.

Table 3.3 presents the thermal data, fully corrected for all Instrumental calibrations. The
figures show the radiant expy %re and Irradiance as a functinn of time for typical exposures of
calorimeters and radiometers. B-52 results are not present.d, because the required electrical
calibration constants were not available prior to completloý of data reduction, The tabulated
results are consideree final.

Durinn Ave events Seminole, Blacidoot, Kickapoo, Osage, and Yuma), no aircraft partici-
pated. During two events (Navajo and Tew•) three aircraft participated. During three events
(Lacrosse, Erie, and Inca) two aircraft participated. During seven events (Cherokee, Zuni,
Flathead, Dakota, Mohawk, Apache, and Huron), four aircraft participated. These tigures
(Tat•e 3.2) include aircraft that subsequently aborted or had recorder failure. During Mohawk
and Huron, the B-47 was positioned for side loads and so obtained minimal thermal records.

3.1.1 Summary of Cumulative Thermal Radiation Data. The data presented in Table 3.3 may
be considered as a summary of the principal thermal effects of this series of tests. The col-
umns give the following information.

Column I gives the Shot name and the approximate yield in kilotons.
Column 11 indicates the type of instrument used (C for calorimeter and R for radiometer),

the field of view of the instrument (in general, either 90" or 1600), and the type of filter employed.
The filters are described in Chapter 2. The filter designations and spectral characteristics are
given in Table 3.4. Fo, examphu, a calorimeter having a 90* field of vie v and transmitting in
the wavelength region krom 0.7 to 2.5 microns is listed in Column II of Table 3.3 as C-90-A.
Similarly, a radiorr."ter with a 90° field of view transmitting in the wavelength region of 0.2 to
4.5 microns is lister- in the table as R-90- .

Column M gives the aircraft type less t, '-',ber designation B, the position (station) of the
instrument in the aircraft, and a letter expres~suig the orientation of the instrument. The letter
F indicates an instrument pointing directly at the fireball, whereas the letter V (vertical) indi-
cates an instrument whose receiving surface wad parallel to and viewing the surface of the earth.
The letters BS (representing backscatter) denote a calorimeter in front of either the pilot's
canopiy or the rear upper dome (Static is 3 or 4). Thus in Column [M, an instrument located in
th tail of a B-57 (Station 1) pointing directly at the I'reball wo'ald be described by the symbols
57 1-F. Similarly an instrument located ov the undcrside of Lie fuselage of a B-47 (Station 2)
directed to view the water surface beneath the aircraft would be coded as 47-2-V.

The range at the tim', of rriaximum irradiance giver, in Colunn IV was chosen as the repre-
sentative range to describe the event. Because the sp.ed and ctirse -4 he aircraft (outbound
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from the everts vn v!rtually all cases) are known, the position of the aircraft at time of maxi-
mum irradiance is kn(.wn. A numerical integrat!on of the model irradiance curve as a functioni
of time, given in Figure 6 of Reference 1. shows that about 25 percent of the total radlaut ex-
posure has been received by the aircraft at this time. The charige in range during the fraction
of a miniute th t thprmal radlat Ii beins receled "'lie ai 15 instruments is smail corm-

pared to the distance of the aircraft from the event. As a result. it is possible to consider the
aircraft's range constant during the entire period in which significant amounts of thermal ra-
diation were being received. Using this tssumption, the error made in the determination of
Q due to the divergence of the thermal radiation as the aircraft nmoved away froon the source
is small and can be neglected. The radiant exposure Q need not be and is not corrn cted for
the small change in range that occurred.

Column V expresses the best estimate of the total radiant exposure experienced by an air-
craft in terms of calories per square centimeter of calorimeter detecting surface.

Column VI expresses the best estimate of the maximum rate at which each square centimeter
of radiometer detectirg surface was accepting the thermal energy from the device.

Columns VII, VIII, and IX have been added for comparison and analysis purposes. Colurkf,
VII expresst s the quantity QD 2/W where Q is the radiant exposure in cal,/cm 2, D is the rang
of the aircrai- at the time of maximum irradiance in units of kilometers, and W Is the yield in
kilotons. This parametric form of presentation was chosen because this parameter admits of
ready comparison with the scaling data given in Reference 1. From eiementary physical argu-
ments, it is expected that this parameter will be relatively constant. For convenience, the
specific thermal energy is defined as

E QD2  cal-km2  (3.11
E-W cmf-kt .1

Column VIII is the total radir,,t exposure of the vertically oriented receivers of Column V
multiplied by the secant of the angle 0 as defined in Figure 3.1. Thi5 is done to remove the
obliquity factor tending to decrease the radiant 'lux received by a vertically oriented receiver
over one viewing the fireball directly.

Column IX shows the effective value of E obtained from the vertically pointing calorimeters.
A comparison of Column IX with Column VII will help to decide whether or not the albedo of the
surface can be determined.

3.1.2 Time History of Thermal Radiation Measurements. A large amount of thermal data
was taken in the course of the project, all of which was time-dependent. In the preceding sec-
tion, this time-dependency was effectively eliminated in order to show total or cumulative
thermal effects. This data is probably in the most useful form from the old operational point
of view. The scientific value of the data is enhanced by knowing the time rate of change of both
the radiant exposure and the irradiance. In this section, the data obtained by certain calorim-
eters and radiom-!tera as a function of tkme is presented for familiarization purposes. The
data is judged to be typical. Shot Dakota was selected as the thermonuclear event to be pre-
sented when possible. It was in the megaton range and was the most completely documented
shot photograrl.'ti ly. Unfoitunately, the backscattered radiation was not successfully meas-
ured for thi - we,. Instead, the backscattered radiation observed during Shot Tewa has been
substituted. t rescription of this selected data follows.

Figures J I ýind 3.3 show the time-dependence of the radiant exposure and the Irradiance as
oheerved fro - a B-57 whose altitude and horizontal range at time zero were 17,650 and 25.020
feet, r, .spec! ively. The aircraft was on an outbound track. Figures 3.4 and 3.5 similarly ihow
the time sequence of radiant exposure and the irradlancý' as observed from a B-66. The B-66
was flying an outbound track at an altitude of 16,000 feet and horizontal range of 13,100 feet at
time zero. Because both aircraft were simultaneously observing the fireball In Shot Dakota,
the difference in values of thermal exposure and Irradiance are due to the different slant ranges
of the two aircraft. Apart from th .ange effect, and the internal inconsistencies mentioned
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tarlier, the two sets of figures should present identical values.
Figure 3.2 is typical of the data obitined from the calorimeters Time is plotted on a loga-

rithmrn basis to compress the scale at the highest values. It will be noticed that very few sec-
onds are required to receive ,a the thermal energy possible from the event. This effect is

shown by the flattening out of the radiant exposure at times in excess of a few seconds. The
same trend is shown for the filtered calorimeters also. In addition, the total radianti exposure
is a function of the %oect ral limits of the filter and the transmissivities (4. filter and atmosphere
in the transmitted spectral range.

Figure 3.3 points up the variation with time of the rate at which the energy is received. A
logarithmic time scale has been used, bee iuse it is felt that this plot emphasizes the time-
dependence better. In a conveitional plot of irradiance versus time, the area under the curve

is proportional to radiant exposure. In Figure 3.3 this relationship is implied only.
Figure 3.6 presents plots of radiant exposure versus time as viewed by three calor~meters

at the same station during Shot Apache. A discussion of variations in this data is prtsented in
Chapter 4.

3.1.3 Backscattered Radiation. Another important phase of the thermnal program was thk
investigation of the amount of vergy scattered into the aircrew space by the clouds And air in
the half hernisphere ahead of the aircraft. Because of the orientation and the aperture of the
instruments, scattered radiation from a considerable portion of the sky ahead of the aircraft

was received. This radiation will be refer- ed to as backscattered radiation or simply back-
scatter. The total backscattered radiant exposure for those events where this parameter wa"
successfully observed is given in Table 3.5. In general, the radiant exposure is of the order of
a few tenths of I percent of the radiant exposure receiveo directly from the fireball.

Table 3.5 gives all of the data that has been received on the backscattered radiation. The
range and approximate device size have been included for the convenience of the reader. The
most important information is obtained from the last column, which gives the ratio of the aver-
age backscattered radiant exposure QBS to the average radiant exposure received from the fire-

ball QF" Except for Flathead where the ratio appears to be abnormally hi,iv, the remaining
ratios are of the same order of magnitude, i.e., I x I0-3 to 5 )( I0-3. Although there appears
to be some trend showing a decre ise of the ratio QBs/QF as the device size increases, consid-
eration should be given to the thl*d and fifth columns before any conclusions are drawn. These
two columns are the individual values of the radiant exposure from which the ratio in the last
column is constructed. There is large variability in the data.

Further refinement in the analysis of the backacattered data does not seem justified because
of the paucity of the data and the lack of knowledge of the details of the environment under which
the data was collected. For example, the cloud cover is known only by conventional meteorolog-

ical description. As the purpose of this experiment was to measure typical thermal exposures
experienced by the aircrew under the conditions of the test, the mission is accomplished If the
measured values given in Table 3.5 are interpreted as order of magnitude results.

3.2 PHOTOGRAPHIC RESULTS

In this section a deacription of representative series of photographs of each of the detonations,
is presented. Shot Mohawk, htiwever, is not presented, because the thick cloud layers obscured
detail: nor are Yuma, Seminole, Blackfoot, Kickapoo, and Osage, whirh did not have photograph-

ic coverage. Each series was chos,'n on the basis of the quality of its photographs and its point-
ing up the principal features of the ,:etonation. Furthermore, a representative group of pictures
are described, in that Red and Blue and Polaroid photographs taken fron' several altitude anglhs
under conditions in which the fire•-ti itself covers various fractions of tC e field of view (that is,
the cameras used leruses of warlous focal length) were chosen for display. ""he photographs are

presented as Appendix A. Field co 'erage of the various detonations, and t~ae film records suc-
cessfully obtained, are listed in Ta: le 3.6. Not all the photographic records obtained ai e of

high enough quality for analysis. foo example, none I the Inca series yield useful information
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about this detonation. The backsk-Atter and V'--edo records have n t been reduced
The photographic parameters of the seve.ai series aro shovp. i in Table 3.7. I)Iv4ance st ales.

shown in the last column, we -e calculated by normsalizing to the shock wave size. The frames
ahow~i &rip scamlu1 by !he aquare--.ou.,.-of -r, cse V110 iw aio

-___1--I - .ryel aw tote 111assco't-' , v, EIwEiti S o Da t:

Framne Zero. 7 (minimum). 15, 30. 45, 66 (a -cond maxim~um), 9)115, 150, 200, 250, 325.
375, 4,25; and even farther if Anything of intere.-At sý ows onl the pho'ograph. Occasionally other
framex m~e shown also.

The phot-,graphs. presented as A-ppendix A, ar-. reproductions of enlargements of negattves
taken with the Polaroid camtera, of the projection of the original film on the ground glass screen
Of the TvAicrodensitonieter (Chapter 2). Conspquently, at least four rep~roductions are involved,
and somec detail is necessarily lost. Furthermore, the latitude uf the prints is low, and occa-
sionally, detail of tht brighter features hao been sacriteed in or.ler to show up the dimmer
onev. such as clouds, air shock, and Wsands.

3.2.1 Qualitative Picture of a Detonation. For orientation purposes there is presented here
a ushort description of the various facets of nuclear detonation contributing to the thermal flux,
as observed in the several series of photographs; a more detailed discussion is given in ttiw next

¶ chapter. The aircraft are typically at elevation angles ranging from 19* to $50, (ats seen front
ground zero) In level flight radially away from the explosion site. The slant ranges vary from
11,000 feet for the lowest yield devices (15.5 kilotons) ito about 50,000 feet F~,r the largest (5
megatoiks). The detonations Are water or low tower shots, with the exception J~ Cherokee which
wan an air bi~rst, and Lacrosse (17 feet above ground surface).

F ramine Z ero. The camera shutter operating at 64 frames per second in alternaitely open
for 1 meec and closed for 15 wn see. The cameras are not synchronized with time zero, nor
with one another-, ,neequently Frame Zero will occur at a different time on each camera aild
at any time extending fronm time zero (the letonation occurring just AN the shutter is closing)
up to about zero + 15 msec. Actually during the 1.-macc shutter time, there is considerable
fire 'all development for small bombs and/or very early times. For 0,xample, for Dakota the
firf )all radii's grows to 250 feet in the first millisecond, and to 330 feet, In the second millosec-
ond time interval.

Rted Frame Zeros are ch&. acterized by a bright, symmetric fireball, which illuminates the
clouds.. islanda, and air in the field of view. The corresponding blue frames are far tess 61right,
and In fact are often missed altogether. In no case is the blue light from the fireball surround-
ings intense enough for Ito angualar distribii~ion to be measurable with high accuracy.

Dip to A' in I mum. 'J'he frames immediately following Frame Zero show a fireball of
larger radius and diminished surface brightness. No outside structuire is yet apparent. Geon-
erally the blue flux in below the threshold of the filmw, anid the blue image divappears. During
this period, Individual hot spots,-.-local areas of br'ghtno'ss----appear; their motion, outward
with the expanding fireboll, can be bspervod, although the blue fireball continuum completely
disappears (Section 4.4.1). Thoirmal flux minimum occurs at roughly 0.0031 /W second; where
W in the yield of the weap~on io kilotons; this is at about Frame I for Erie (14.9 kt) and Prame
14 for, Navajo (4,500 kt). After minimum. the surface brightness of, the fireball increast a
again.

Development of Shock Froth. Absorption Shell, anid Plinie - At minimum,
ýhe shock wave separator' from the fireball (breakaway,), and advances ahead of it, rough~ing tip

the water surface and making it a rather good diffuse reflector (shock froth). An absorbing,
dark concentric envelope (absorption shell) appears about the fireball In filightly later frames.
'Iiie outlines of the fireball Itself are somewhat fuzzy; the apparent radius of the lunitnous fire-
bail often appears to decrease jup .a¶ie- minimum.

At the top of the fireball In obtnerved a xmaýA b-Lght arew (the plume) which darkens arid grows
fit succeeding frames). This plumne obscures in late frames An appreciable fraction of the thermal
radiation going uypward from the bright fireball. These feature.i (if the (Ii reball ar sh~own mche-

niatically lin Figure 3.7.
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At aLxut t - 0.032 "JW second (henceforth referred to as tmaxli) the fireball reaches maxi-

m~r• thermal flux output.
Late Times. The fireball grows oni) slowly after this second thermal maximum is

ioachad; the a2ho•npticn shall thicke._ and Its light atten...aton, r• ; to decreaae. The fire-
ba!l starts to lose its hemispherical shape is it rises from the detonation site. The plume be-

comes almost as larg, as -ie fireball itsell The air shock striking nearby clouds causes them
to evaplirate; this has the. effect of reducing the fraction of the thermal flux that is scattered

from clouds (cloud albedo). At very late times, the lowered pressure behind the shock front
causes clouds to re-form (Wilson cloud effect); a ring (like a circular amphitheater) of these
clouds is seen around the now-dim fireball, the risen fireball remaining unobscured from most

aircraft viewIng angles. In general, dense clouds can reduce (by absorption) the thermal flux
from the fireball, or (by reflection) increase the flux by a considerable amount.

3.2.2 Shot Erie. A photographic series of this 14.9-kt shot is presented in Figures A.1
through A.15. This detonation was on a 300 foot tower. The island (Yvonne) 1and nearby reefs
show clearly from the 700 alititude angle. Frame Zero is found by application of the shock theory

to occur at 10 mbec after detonation; this is 2 msec before breakaway, which occurs between
Frame Zero and Frame 1. The absorption shell shows clearly in Frames 1 through 5, and less
clearly thereafter. Note the jagged shape of the fireball and the variable thickness of the ab-
sorption shell, the exterior outline of which is more regular; the absorption shell does not fol-
low the shape of the surface of the luminous region. In Frame I the thickness of this ring is

about 50 feet, and it is quite opaque. no island features are visible through it. The fireball is
then some 350 feet in radius and touches the ground.

By Frame 2 some of the details of the "feet" of the Island are visible through the absorption
shell (this is not obvious on the print) and in Frames 3, 4, and 5 the absorpt!on shell becomes
increasingly transparent. This decrease in opacity of the absorption shell it. thus observed for
surface bursts of all yields from nominal kiloton to at least 5 MtL

The shock froth Is definitely brighter than are the "legs" of the island; this is observed also
in Shots Flathead (Section 3.2.5) and Dakota (Section 3.2.11).

The air shock shows faintly in Frame 5 and in Frame 8 at second thermal flux maximum.

Puffs of dust kicked up on the island are clearly visible; they give the shock froth its apparently
rough front in frames near second maximum. rho fireball of this particular relatively small

weapon evolves into a diamond shape (Frame 18 et seq); no plume is seen. Note thu shadow
cast by the dust cloud on the shock froth (Frame 24). The dust cloud itself has high albedo;
note the bright puffs on the reef at 3.0, 38.5 in Frame 30. By Frame 39, however, it appears
that the shock wave is raising very little more dust from the coral reef.

The plume of this tower shot (during which the fireball did not touch the ground until about

second thermal flux maximum) is conspicuously absent.

5.2.3 Shot Lacrosse. The photographic series of this 39.5-kt shot is presented In Figures

A.i"I through Ai7.-M .Thise Blue photographs of a land-water (shoreline) detonation are taken
from an altitude angle of about 65°. The detonation took place 17 feet stbove ground level.

Two Frames Zero are shown, to illustrate the criticality of the photographic reproduction.
Rocket trails show clearly, to the i ight of the detonation site. The fireball is seen to be quite
asymmetric. It too understood that, In this test detonation, a consiJoerable amount of matter was
around the weapon, and presumably, the detonation is perturbed by the asymmetry of the site.
In Frame I some structure is still apparent, but the outside rim of the fireball is quite syrnmet-
tric; note the hot spots and the large dark ceittral area which has a thin bright rim.

Minimum occurs between Frames I and 2. In Frame 2, this central area shows bright, as
It does In Frame 3, where a considerable structure is again apparent. The bright knot has a
ring around it resembling a miniature absorption shell. By Frame 13, second thermal mnaxi-
mum, the plume is already coveting almost half of this projected area of the fireball.

The lack of illumination of the neAr side of the shock froth is peculiar and may be due to
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possible shock passage over land or shoal not seen on the pj•otogr iphs. No cloud appears in
this region on a close examination of Frame Zero. Thc Lme history of thia darkening suggests
that it is caused by the variation in fireball surface brightness, possibly due to land-water asym-
metry and/or experimental structure&. This var-iattlon does not sh,-ow on th,- phnt,..ph . or

is it well resolved on a test microdensitomnetric trace; but its existence is indicated by the very
bright right-hand shock froth in Frame 9, arnd the general fluctuations in shock froth brightness
seen throughout the series. Another noteworthy feature ib the group of horizontal dark lines in
the left-hand shock froth, in Frames 13, 18, and 23; these may be shadows of structures nearby.
In later frames the 45' streak on the left side of the fireball, which first shows in Frame 3, in
still visible.

It in noteworthy that the characteristic blue air shock attenuation, seen in all other Diue
series, does not show in these photographs.

3.2.4 Shot Huron. The photographic series of this 250-4 - shot is presented in Figures A.29
through A.41. This series shows the routine Blue behavior: a dim Frame Zero (which shows
considerable limb darkkning in a densitometer trace), hot and dark spots, the horizontal fireball
belt line, and obscuration behind the fireball. At this somewhat Low angle (49*) the intensity
minimum in the shock froth in not pronounced, especially in the foreground (compare Flathead,
next section). As was observed with Dakota and Flathead, the Blue island albedn is well less
than the shock froth albedo. T' 9 Blue obscuration by the plume in clearly less than for Lacrosse.

3.2.5 Shot Flathead. The Blue series for this 365-kt shot is viewed frorT. only 5" from the
vertical (Figures A.42 through A.56). The hot spots in Frame 4 (minimum) seem to be concen-
trated near the ftreball limbs, away from the center. In Frame 18 the shock froth and its mid-
line brightness minimum are visible; note how this ring of minimum brightness within the shock
froth brightens with increasing time. This is one of the series that gives evidence for the BI e
absorption of the air shock (Section 4.4.5). A bright ring (tidal wave albedo?) appears within
the absorption shell. The shock froth albedo at this geometry, calculated with the 85 percent
subtraction as described in Section 3.2.11, is 1.8 times as great as the island albedo. This
again is in contrast to what is observed in the complementary Red photographs (not shown). In
the Red, the island outside the shock froth has the same albedo as the shock froth, to within
about 7 percent; but when the island is inside the shock front, Its corrected albedo falls to about
(1/1.6) of the shock froth value.

From this similar high angle of view the obscuration by the plume is signally less than for
Lacrosse.

3.2.6 Shot Apache. The photographic series of this 1.9-Mt shot is presented in Figures A.57
through A.79,. Three series of photographs of this water detonation are shorvn, a Red series
and a Polaroid pair.

Red Series. This group of pictures is of interest because the camera was fitted with a
neutral density 2 filter. Consequently, the brightnesses are reduced by roughly a factor 10
below the other Red series shown, and certain features are optically resolved on the film. The
fireball is only faintly vlstble dn the original negative at minimum; the dark belt shows in Frames
19 and 39. A scan across this belt shows it to be some 20 percent less bright than the surround-
ing region (su-h a difference in a line is easily missed on the densltometer trace, without a guid-
ing visual identification); the lower segment of the fireball is generally less bright than the upper,
und this vertical effect is also observed in the other Red traces. Another feature observed in
the Blue photographs, and only rarely in the other, more dense, Red ones, is the fireball puffi-
ness at late frames. Scans of Frames 58 and 88 (second thermal flux maximum) show that the
fireball has very little limb darkening; this is the same behavior as that ob.merved or the Dakota
Red films, with both neutral density I and with no neutrai bilter, This indicates that the charac-
teristic flat ,p of the Red microdensitometer trace is not an effect of instrumental or photo-
graphic saturation.
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This series serves to illustrate the point that casual photographri of detonations must be in-

terpreted with caustion because of film latitude and saturation effect:v, With a factor-of-10

attenuation, the horizontal belt and the late-frame structur,' of the flrebill are visually resolv-

able, as they are in the several Blue series; the fireball !s barely visible (perhaps not at all in

th- rep r-duct ion) at mainimnumi. t. i-"r [ýed features, hoowever, are sliiae to thuse u.ved in

less filtered 1, photographs.

Polaroid Series. In this low ingle ( 190) series, the horizontally polarized Frame

Zero (37219) occurs a few millisecond before the verticall' polarized Fram.e Zero. The photo-

graphs have less exposure than the Dakota polarized pair, since the lens was stopped to f/16

instead of T/5.6 and a neutral density 1 filter was used.

In Frame Zero the light specularly reflected from the water surface is clearly visible. At

these angles between the aircraft and the (extended fireball, Fresnel's laws predict roughly 20

percent specular reflection for 0 and 5 percent reflection for 0; this is qualitatively borne out

by the photographs. The total albedo drops off quite sharply at the sides of the reflected image

of the fireball. This points "p the fact that, at this luw angle at least, the Lambert water al-
bedo is small compared to the specular albedo.

In Framie 19 no difference betwqen the two planes of polarization is resolvabie. Evidence
of the absorption shell appears, and above this dark region is a bright topknctt some 600 feet

across, which Is destined to become part of the plume (Frame 39). The horizontal belt and a

lens structure of the fireball, show clearly on these photographs. The specular reflection from

the water, of the light from the 0 xireball, shows up to Frame 148; in the 0 photographs, it is
barely resolvable in Frames 58 through 106. The specular nature of this reflection is empha-

sized by the sharpness of the shadow at 3.7, 35.7 of the cloud above it on the photographs. What

apa.ears to be a reef (off island Gene) is illuminated on the lower right of these 0 photographs.

Note that ths- specularly reflected light from the unshocked water surface, is more intense
han the adjacent shock froth albedo at this low angle. In this forward direction, there appears

io be a diminution of the shock froth brfqhtness (c mpared to the brightness on the side. ). This

is in contrast to the higher angle Polaroid observations of Dakota (Section 3.2.11). Presumably

this darkening in the line of sight is due to self-shadowing by the roughness of the shocked water,

which is here seen at nearly grazing incidence.
Another feature of these photographs is the narrow bright ring .. , the water surface inside

the absorption shell, which is visible In bot'i polarizations as well as in the Apache Red photo-

grapws. In Frame 148 a (spurious) streak has developed on the upper right of the 0 series.

A separ ition and rise of the fireball i visible in late irames.

3.2.7 Shot Zuwoi. The photographic ,4eries of this 3.38-Mt shot is presented as Figures A.80

through A.92. This Red series is taken from an observation angle of 250, which is 60 higher
than the Apache Polarolds.

In Frame Zero the relatively large number of local clouds is brightly illuminated; the fire-
ball Is not well reproduced, but it shows clearly in the original negative. Frame 12 (minimum)

shows rather large hot spots and the horizontal dark,, belt, as well as the structure effects only

occasionally resolved in the Red. The limb darkening here is quite apparent. In Frame 27 the

absorption shell is seen to obscure light from the upper-right cloud, which is unusual in acting
as an excellent viewing screen. The plume has a bright, luminous "rown about 500 feet across,

which has evol:ed from the large hot spot at 3.1, 38.2 in Frame 12. By Frames 55 and 83 this
bright area has cooled to such a degree that it is no longer distinct from the rest of the plume.

The obscuration of ti e cloud by t le absorption shell Is even more clearly shown on Frame 55.

Franes 83 and 121 have been printed to show the lnner" absorption shell, which is bright but still

transparent to the light from the shorek froth on the sde of the fireball. In Frame 121 (second

thermal flux maximum) the narrow (- 150-foot) bright ring on the water at 6.0, 37.0 shows in-

side the absorption shell. This ring appears to evolve into the water wave which appears in

F-ames 165 et seq. and which is a dominating feature in Frame 459. By Frame 212 there is

evidence of the r sing of the fireball; it Is quite well separated from its base by F.- me 368.

Note that the dim inner absorption shell fills up this cleavage (Frames 286 through 459). The

outer absorbing region is resolvable on all the original photographic frames.
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3.2.8 Shot Cherokee. There war no successful photometric photography, (if the type described
in this report. for this 3.8-Mt detoi.ation. The reproductions show only sortie Kodachromie
franies, made at 32 frames/see from an F-84 fighter plane at the great range of abouo 131,000
feet. These are negative prints, making bright areas appear dark in the reproductions. Very
little detail is resolved even on the original fhm; the photographs are Included for the sake ijf
completeaiess and in the interest of showing some of the qualitative facets on the only mnegaton I
range air detonation in the series (Figures A.93 through A.108).

The situation of poor resolution is complicated by the large number of cumulus and cirrus
clouds in the field of view of the camera. Th fireball at first appears like a bright orange
sun (the colors shown bythe Kodachrome are not to be taken too seriously rcauge of possible
saturation effects) which has a specular reflection in the water, similar to 'hat of the Apache
Polaroids except for the effect of t he 5,000-foot altitude of burst; this reflection is visible up
to Frame 239. The fireball appears white in the Kodachromes in frames near second thermal
maximum. The air shock touches the w.ter at about Frame 38; however, neither shcck froth
nor atty absoro'-i n shell are resolved in the Kodachrome pictures. The fireball should touch
the water surface at maturity, about Frame 100; this also is not observed. In Frames 311 et
seq. the old fireball appears to start to split in two about a horizontal centerline. VVtiston
clouds, not clearly indicated in the reproductions, enclose the fireball at late times 2,;'ranie
200).

3.2.9 Shot Navajo. This is a rather routine Red series for this 4.5-Mt detonation (Figures
A.109 through A.127). The bright area that is to become the plume shows a dark ring around
it in Frames 11 through 32, much like an absorption shell; however, part 'f this may well bo
the dark smoke of the developing plume underneath the bright topknot (note the low-angle Apache
and Zuni views showing the topknot above the plume); but the local absorption shell Is larger
than the plume at this time (see, for example, Frame 24), and ti.s cannot be the full explanalion.

A flaw in the optical system shows as a dark streak in th, lower right from Frame 15 on; and
there is lens fogging from Frames 141 through 321. Wilson cloud is visible in Frames 650 et
seq. One feature that does not show in the reproductions, is that the absorption shell is notice.-
able up to Frame 950.

3.2.10 Shot Tewa. This is also a routine Red series, albeit a rather dim one, for this 4.6-
Mt shot (Figures A.128 through A.140). Note that the air light in Frame Zero is not very intense,
and that the horizontal befurcation of the fireball shows up through Frame 66 (half the time to
second thermal maximum). It is hard to reconcile this loss in surface brightness of the bottom
part of the fireball with the photogrammetric parameters; the slant range of 50,000 feet is not
anywhere near large enough to explain the loss as being due to increased attenuation (Chapter
4). The fireball surface structure shows clearly in late frames.

3.2A1 Shot Dakota. In this section are presented commentary pertinent to eleven series of
photographs from this 1.1-Mt shot (Figures A.141 through A.256). The photographs serve to
point out the important features to be discussed In Chapter 4, as well as the less critical ones
that merit only a passing notice because of their small influence on the thermal flux.

The photographs include one Red-Blue pair from each of the four aircraft; one Polaroid
pair; and a single Blue telephoto series complementary to a Re' -Blue pair (some of the other
Red-Blue pairs are telephoto also). The details of the photography are given in Table 3.7. Not
all the series show the same frames, as there were some cases of lens fogging or other mal-
function; and some of the Blue photographs are so underexposed that frames before 2/3 tmaxl1
are not shown. In general, however, an attempt was made to show Frames Zero, 7 (minimum),
15, 30, 45, 66, 90, 115, 150, 200, 250, ?,5, 375, and 425, (at which tirn 45 percent of the
integrated thermal flux has been emitted). s being representative 4f the course of the thermal
pulse from the detonation. Other photogr, )hs appear in sonme of the series.

Red-Blue Pair (Figures A.233 thi ough A.25t6). This Isa typical pair, with
good Red-Blue comparison; the two frames at second thermal maximum will be discussed in
detail in Section 4.5.2. The Blue fireball is not visible at i ermal minimum. In Frame 20 tU,,
plume has a bright crown.
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Note the bright spots in the Blue at Fraine 30. There are also tihort dark lines, which 4ýo
at Blue Frames 20, 30, and 40. These dark regions appear as the shadows cait. by bright are~as
contiguous to the dark Onem, between them and the Vreball vekiter. Tha..t is to say, each dark
line has a bright spot at Its end near the fireball center (Section 4.4J1). To FrameoA 20,30, add
4,0 the BlAuC fireký-l is Cut h.O rlzontsallb 11 1 C~~~~ j~ A.~

froyn the water ý,urface. The explanation of this phenomennn ig not ciear; tile belf4 rmay be re-
lated to a shock wave reflected from the water siirface (Mach .(ron;). The phatog raphd dc) not
allow any upward motion to he resolved. This belt As rf'solvable iderisitometrivally up to F'rane
80 (it is noticeable at the limibs of the firt-balI in the, phctog" mphe). Rt is about 300 feet In width
(in the vertical direction), and in. Fra~aes 30, 40, and 50 Mt~ apparent hrkghiiieas (uncorrected
for air-light) Is about half that of Its nefighboving fireball points. Thip belt is usually visible hA
the Blue and Polaroid photographs; it 'As not seen in 36303 Red, but it im visible ic. many of tile
other Red series.

The bifurcation of the shock froth and the,, bscuratiun by the chock-ed air- show very well. In
the Blue, In par~ticular, in Frames 50) through 70; the lihtd 7rur the Islanid to the right of the
fireball is strokigly atteniated as it passes through the air shock.

In late frames the Blue fireball again appears highly str-uctured . or puffy. This roughness
is of course seen on the microdensitorneter traces, The vertical streaks on Frarne 57 and on

L ~some other Red frames are due to faulty photographic pri'rting.
Red-Blue Pair (Figures A..205 through A.21~5). The shutter of the lied Frame

Zero opens at Time Zero plus 0.003 second; the actual fireball subtends only 1 1/0 onl thle Min,
although it appears much larger in the reproduction because of the short density scale of the
photographic paper. The Red air shock is vit~ble in Frames 30 and 45 (after this the iuns sys-
temn becomes clouded). The original Blue negtUVe was acratched, and tbe photographic densilties
rather low. Note the dark belt on the Blue fireball in Frames Ký and -45.

Red-*Bl~ue Pair (Figures A. 14 1 through A. 15 8, and A. 172 through A . 182).
The q~ualitative view of the general behavior of the air-light before It is masked by the shoc'
froth after breakaway, appears in Fram.es 0 through 4 of the Red series. The growth of the. fire-
ball up through Frame 10 is clearly shown. Note the Uit spots In Frames3 5 tirough 10. Limb
darkening is quite apparent, and seems to Increase, in Frames 6 through 10. Breakaway occurs
before Frame 8, when the shock froth is juwit visible. A hint of the horizontal fireball dark
belt, w'hich in more easily observed In the Blue, appears in Frames 8 and 9; however, it in not
resolvable in Frames 15, et seq. Note that the darkened limb develops into the absorption sholl
(Frames 9, 10, 15), which appears quite opaque in all frames. 'These pictures show the diffi-
culty of caliculating the absorption coefficient of this shelL. there is considerable ocattered light
from both the shocked and unshocked air.

The island (Dog) appears to have a small cloud over it (this may be Some local Imperf, ction
-t in the camera or filter sys-em; it appearn In later frames but It In not observed In the Blue).

The ratio of shock froth to average island albedo, corrected for air-light by subtraction of 85
percent of the neighboring water contribution (Section 4.5.2), In abKo.ut L.25 to 1 (1.25). Since
the bitcrodensitometer trace shows the uneveano!ss and graininess evident on the photographs,
this ratio cannot be found with good accuracy.

The Blue photographs show the characteristic dimness of the fireball in the neighborhood of
thermal flux minimum. In Frame 13 several hot spots are visible, for example, the diagonal
pair near 6.8, 38.2; by Frame 1ý the fireball continuum ahowl dimly. Near 38,,5, ,15 In a rein--
tively large structured bright region on frames 13, 14, andi.. thAt Is aasociated with Ihe plume._
On the original negatives the plume is seen to begin to f-, in earlier and over a, very inuc~h larger,
area than this bright region. The latte. region tends t rem liii at or near the top of the plumO;
eventually it darkens andel~sappears.

In Blue Frawres 66, 90, 115, "n 150 the island is within the s'ock troth and albedo" vAll be
compared. Aga.;. a camera malfunction, which produced the broad ho.ri?:ontai streal icross
part of the islar' , Interfered somewhat with the measurementa. The ratios (uncorrected for
air-scattered light) of the shock froth albedus to the average shocked island 9.lbedos, ineasured
In three frames, all lie within 10 percent. of 1.2. Any correction of this figure for 41Ar-scattered
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lI i~,ý neceskiriy wiwtrtain. Becaunso of the~ absorp~tion by the shocked air, the sh'' k-rtwvrert
;Jv 1. darkened and 'tt lIs imsafe toiHhc~. the large (85 pwerent) fra iAitn of the brightrieso ()

the w.idihocked water just outside the s'ucki troth, If, in weve -, rsuch a I orrectiokI ib made, The
ýaio!aodsge Dto about 1.5: and if' an id, e r~n h mo!, i ,',uide hymbiWIr,

cenI olt~ w~ outside 'Orightness the ratio is 1,.3. These data s~hould he regaied~ed asu vpitrkcoted iit
thetimoriati~noiKl (aou 6")and azinmuth ;*wl angleof inrdence (mee photog'l:aVW of this

fo dlowiuý hectlo,1).
Red-Blue Pair (Figures A. 183 thr%.~igh A.204) aend Complemntary

Blue Tel*'ph,"io (F~gurc's A. 159 through A.171) . TilAe Biue telephoto svirt-s .%
tht- hot and dark spots, 'he hiorizontal belt (albeit 1toorly: Frame 30), and the billowed ,.,iz pace
,j d crescent shape of the lumiiwcus area in late (,.-' 3 1-.: t aI frames. While this BYMFý 'Ar shock
is generally 'ibiorbing (bifurcation ol s~hock froth, darkness ut area bjehind .fireb4Il), fl appears
faimitly briglit in the upper left and upl right of the fireball in Frames 66, 9(.., and I '5.

The ia'so of .n uncorrected -41oa froth albedo to the island albedo, hii Frame-s 90 ar;ý 115
of' Serros 35923, 1,3 close to 1.3. If this ratio is corrected by the usual subtr-'-ion of ý5 rcent
ug thiy .jrightneas just outside the shock froth (see the discufsion in the last .ýciop) P~ Jumps fWI 1~~~~~.6; 1' 50 v'erceia. of thiv hiness is subtvacled, the ratio is between ni,.T' a~
reservations apply as i n 9.6.3. In Frame 90, attenuation of thon - 4.1 1_i1n the
reef. as it passes throug, ~e ,Or shock, (near coordinates 1.5, .39.0). i4 deeo~

Seriea 16233 and 3bj236 will 'be discissed in detr ýection 4.5.? ~he Blue firebal belt
does not show in leanie 45. The Red on" )~graphs brxou Lhe shock frof pabsirqg over the island.

This pair of phu&;,,ýr',phs givi -a goott comparison of the plumne propecrfies. The Blue plume
is about 35 percerit %.`d th.' ,i the Red at thermnAl fllL'c maXIMUM (Table 4.10 h, aw J 50 percent
wide r at -1t42Ii TI'e Blue plum~e is dark, while the Red plume has a brirte 'ntral area, wW ch
iL uiarticularllý apparerf hii the reproductions of late (.25)frames. Vie Red plumew appears, in
fact, reasoiizbly bright throughout, As Table 4.18 indicates.

The ratio)s of the Red shock f roth to the island albedov, corrected for air-liga! as indicated

and mveasjured it) Framnes 6C, 90, and 115. are all within 5 percent of 1.25. It appears from

IeKi 1an h-Blue aibedo ý-tao,: rilr""i th~e s~hock froth should be white (Section 4.5.2), this points
oj hei.bservatL,,n thiat the ij.w aibedo Is iHgher at longer wavelengths, which is a ratther cont-

KPo I a.raid Pa), r ( Figu r.!Fs A .2 16 th rough A. 232)~. These photographsw:illbe
discussed liL detail in :seci..on 4.5.4. They show the fireball belt, and the hot spots out to the
fireball edge; the :.hsorptic i shell appears also at these wavelengths. As i:o indicated L~i Section
4.5.4. gross diAereiicet between the two pola. 0,At ions do Pot show in the microdensitometer
traces. st ionti appt i~r in the photographs. Since buth shutter opening tirne and reproduction
expi: or-e differ anioig fra~riý-, even within a series. th'- Appearance of bright fea-tu'rer lin the

......................... pariivalarly the ait n,~eru- shul i be taken as a quantitative meaaure of

3.3 SPlECT)R~kbRAPHiVC RE~SULTS

Mis: vo..4?nsiloe'-er vu) ves of .4pelrcted spectral U-;vrnes are presented in Figures 3,8 through
ý9 *F ht CLY'WeM preoenv-u ivi eaun figure are arranged to give a rhironoiogical r~pectral history

oi ibe ef,(L~.10 lieih con!sidexed The.9c are curves of film density verous xAaveiengih, The sper-.
trII 1mes ~reio ist 40A ati 5f9 rAt Psevf fhrme, whic io taken ist feozr time.g -At al oranthefig.

It r"Im rt~ 41-ti %, -lte( *( at-4 5.ra f90 A. ased tfrae, whic no takonii; fezeor timing At *igal on te tii:

*iAte of 64 6i:~/e' this meansh that the times quaoted hure e 'tuld be In error by as -t.uci as
6f nine.

!~OPX011411 eciwIII oF'I'gil es 3.0 throap ý''A It . ini be scqeti !ht all events ~pectirally appe'ar
qjulli ~ fO'nilar. The ear1v ý4p Ora j.h'to tho. mitnimum areý charat ierized by muc-h ~t ructure,
iIVP# ct niIg Mat in 1 ccokt bý aiidf/_.- .'Atcmlc cmiwssuni and/o r ab~oxjptim on roirestwk-; irv the iorul oat pig
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faetiirs. As the tiieri-,al pulse approac hes ii ýjecornd maximumn, the s8M Iti•- )•ec••s ,
a cLiItinuunl with iTiy slight hints of struiture. This general appearantce ut, hjus thto tuýifIm
t1 e remainder (if the thermal pulse.

The similarity of spectral detuils from shot to shot caki be seen itý Figure 3.20. This is A
CU•nposite of t -naitometer traces of zero time spectra for se¶ iral shots. Here it is qpparent
thzi the principal structure is identiCAi in all the spectra.
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1'UIA", 3.1 AICRAC T IP'( VSITW)NS AT T'i, ¶I-M ZEII '

ftng GZ) , na

Xir(. .I dti, r.dg A AtiLuik, Sp't'd CU.1Iv:r(- fr, )w G z

•.:ft ft , ft lo'grevl degrt.!ltt

3-57 .,829 10,150 .8) G 050

B-7 E6,751 13 700 817 137 136;

Huron
1H-47 45,974 22,150 744 003 1:k
Hi.-52 5,700 20 ,000 753 110 IN
l5-b7 10,223 1C,200 775 051 048
B-66 8,768 9,894 771 040 040

Mohawk
11-47 51 ,000 37.000 786 021 155
B1 52 ,'200 25,000 7615 131; 1:11

Flathead
11-47 3,.410 38,000 7 '!6 30Jo 290
1,t-57 13,4iw, 25,700 751 119 148

B-(;6 17,•oV I 1If,000 81D1l) 11 H 1

DAkota
B-47 10,:182 2.1,100 724 272 270
B-52" 11.550 22,000 7761 282 285
11-57 16,955 1 7,(;5) 70,|. 119 12(6
1 -lG1; 13,101 14;,01 I 781 127 127

A1.pwhe
11-17 29,000 30,050 745 :C2; .122
11-52 18,550 34,000 741; 111 120
1B-57 28,517 10,200 ,192 1)50 051
B-66 '.500 8,000 7 1 0}80 080

Zuni
11-47 32 ,S'0 31 ,000 750 2 5 , 2.50

H-52 !:3IN50 32,000 7C 1 2 1 263
1B-57 3f.4t0 1;,9(0 807 07ý 07:3

1-6 "2. 900 19,000 s 13 0)70 070

1--4 i :,,1,| 4,2ý00 17 3f 2C.9 270)

11-52, 26,700 4ii .()000 7610 1; ! 0 14)

H1-6l6 27,24.;i 19.000 779 121 121

Vt-417 33,:I312 13.hOO 7 58 :H2;1 263
l1-5)2 LIs I 38,11011 75H 2,7 2,1

•l-hihi •-; "1, 21 ,000) 77i1 25, 251

K-4..I7 p-, N .... n 7,. 9f

,)I,• f}):I]' ,4lw o 711:1 !494 L.

.II-•(;17,75H ")M)(; ',t.1 4!(lw 77 1 !Ar',: Im•,
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TA: U, 3,2 EkFECT1 ,ENESS OF THERMAL MNSTRUMENTATION

i u I4~ I

a IL

lcos18 15 3 3 0 0 2.1 85
Loms18 0 3 0 0 0 21

Total 36 15 6 3 0 0 4.2 1i 43

Cims 3.47 j,8 18 3 3 6 1 27 22 81

3-52 18 17 3 3 2 2 23 22 1
Ii57 18 0 1 0 0 0 41 0 0

18 12 3 3 0 0 21 15 80

-,al 72 47 12 9 8 3 92 59 64

Zunl 8-47 18 18 3 3 6 2 27 23 85

3-52 18 16 3 3 2 2 23 21 91
5-57 18 3 2 0 0 21 18 86

4-8" 18 3 3 0 0 21 21 100

Totial 72 68 12 11 8, 4 92 83 90

Erie 9-57 18 15 3 3 0 0 21 18 85

5-6 18 0 3 0 0 0 21 0 0
Total 6 15 6 3 0 0 42 18 43

PlauWa• 0-47 1i 18 3 3 6 6 27 27 100
3-52 18 0 3 0 2 0 23 0 0
B-57 '8 17 4 4 0 0 22 1 95

-" 18 is 8 .3 3 0 0 21 41l I00
Total 72 53 13 10 8 6 93 69 74

inca 5-57 18 0 4 0 0 0 22 0 j
B-66 18 0 3 0 0 0 ;. 0 0
TotWa 36 0 7 0 0 0 43 0 0

Dakota 3-47 18 15 3 • 6 5 27 23 85
"3-52 18 u 1 3 2 i 23 1q 82
5-57 18 16 4 4 0 0 22 2tu 91
5-66 18 U 3 2 0 0 21 it, 76
Total 72 59 13 12 8 7 93 78 84

Mohawk 5-47 a a 3 1 6 6 9 7 78
B-52 18 17 3 3 2 23 22 95
B-57 18 0 4 0 0 22 0 0
5-66 18 0 3 0 0 21 0 0
TotWl 54 17 13 4 8 75 29 39

Apache 8-47 18 17 3 3 6 27 2) 85
"5-52 18 18 3 3 2 2 23 23 100
B-57 18 17 4 4 0 0 22 95
D-66 18 14 3 3 0 0 21 17 78
Total 72 66 13 1,3 8 5 93 84 90

Navajo 8-47 18 18 3 3 6 5 27 26 9
"8-52 18 17 3 3 2 2 23 22 96
8-66 1 0 3 0 0 0 21 0 0
Total 54 35 9 •6 8 7 71 48 ('10

Tew, B-47 1 ,18 i 3 5 4 26 2- 96
1-52 18 17 3 3 2 2 23 96
-18 14 3 3 0 0 I1 17 81

TOW 54 Y/9 9 9 7 7U " '

Hrn817 b b 3 1* (1 9 8 8
B-52 18 IF, 3 3 2 . , 23 23 LW0
8-57 1$ 18 4 22 22 10J

)8 1. 3 0 U 21 17 81
5013 .L .~ 75 7

a I this event the -1-47 us ,**ItlonmA for side loads. W((o of tIm' talI InotruentittA.m (:4,tatSlor

b F i'gur e.1I was oare.td.
In Vito *vwrit. uvP B-47 uwas ptslfltInsd for side IoAds. lily on* vry r ensi•L•1t tIstrumpl. ss

olerad In U00 tail Utotrmmont Po01ti,',i (!tatlon I# F'liuz 41) pd wvar a kicascttt&,r inx7.r'%nt.

Th output , this Irmatrumwn't was alultaiaotAely rccsrJA o..nU an on f',;ra .u an o.y-
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Figure 3.1 Geometry of a vertically oriented receiver. This shows the
combined influence of the obliquity factor, sec 0, and field of view of a
detector on the energy received by a vertically oriented receiver. The
receiver VPV' located at P views the fireball D units away at 0. The
fireball size is given by the shaded hemisphere about 0. The acceptance
angle M' PM is so large that the direct radiation from 0 reaches VPV'.
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3+•"0.1 0.2 O| 1 2 aI I0 20 so0 100

F igure 3.' Radiant exposure as a function of time for Shot Dakota as measured by calorimeters
S~from B-57. The letters indicate the filters used, and tho subscript V indicates verticald (down)

• 4 or'ientation. Filter A range: 0.7 to 2.5 microns; B: 0.9 to 2.5 microns; C: 2.0 to 2.5 microns.
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Figure 3.8 Chronologica1 sMpetral history, Shot Apache.
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DAKO TA
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Figure ~3.10 ChrowloogioaI spectral history, Shot DsakoWa.
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ERIE
ALT.: 10.100 VT.
& P: 10. 900 FT.
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WAVELENGTH IN INGSTROM UNITS

Figure 3.11. Chronological "pctral history, Shot Erie.

72

SECRET



FLATHEAD 16-57
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1.046 Ar.

WAVELENGTH IN ANGSTROM UNITS
Figure 3.12 Cluono0ogjcal ape'5ctrA1 higtory, Shot Flathead.
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HURON
1-82
ýALT.: 20,000 FT.
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Figure 3.13 Chronological spectral history, Shot Huron.
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Figure 314 Chronological spectral history, Shot Lacrosse.
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MOHAWK
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Figure 3.15 Chronological spectral history, Shot Mohawk.
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Figure 3.16 Chronological spectral hintory, Shot Navajo.
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Figure 3.17 Early time spectra,~ Shot Tewa.
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Figure 3.18 Chronological spe~ctral hlutory, Shiot~ Tow*.
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"• ~Figure 3.19 Chronological spectral blator'y, Shot ZuI..
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Figure 3.20 Comparison of zero tinw spectra.
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Chapter 4

DISCUSSION

4.1 ATMOSPHERIC ATTENUATION

1 4.1.1 Absorption by the Atmosphere. Much work has been done on the absorption properties
of atmospheric water vapor and carboun dioxide. Perhapin the most complete investigation I rorgt
the point of view of radiometry is In Reference 9. That repo~rt plus Refereuce 10 effectively
gives the transmissivity of air from thu long wave and of the visible regfloa to beyond the 6.4-
micron band of water vapor. To the precision required in these tests, there is no sigrificamt
absorption by any r" the other permanent gases in the range 0.2 to 4.5 microns except for sorne
oxygen absorption near 0.7 micron. Figure 4.1 shws the absorption spectrum constructed for
the permanent atmospheric gases and water vapor. This spectrum is constructed under the
assuMption of 60 ium of precipitable water and is of the magnitude and type used in analyzing
data recorded by B-57 calorimeters for Shot Dakota. The figure is schematic only and absorp-
tion jalueis can be 'obtained from the references cited. Subsequent checking has shown that there
Is no significant difference in the absorption spectrum of 80 mm of precipttable water as comi-
pared to the ambient 54 mm. of precipitabie water for Dakota at time ze-o. Also the precipitable
water path Increased as the aircraft moved away f rom ground zero.

In the vicinity of tOe event, the temperatures and pressures are suitable for the formaticn of
orwides of nitrogen. Of these oxides, N02 and N204 show strong absorption properties in the
visible. The .bsorption spectrum of the other oxides of nitrogen are in the infrared beyond 4
microns. The NO2 and N204 absorption sptctra are given as Figure 4.2. This curve has bea3.
constructed au a compoeite from data obtained from several sources (References 1i1 through 15).

Although there may be other absorption gases In the path, the above Is a asummary of the ab-
sorption characteiristics of those gases that are k~nown or suspected to exist In the atmosphere
surrounding the detonation.

Tablo 4.1 presents tabulated values for the transmission of thermal energy through Pacific
air for the detonations analyzed in this report., A temperature of 3,0000 K is assumed for all
events except Erie (4,0009 K) and Cherokee (6,000*K). Tie tranamisslvities (T) atre taken from
Figure 11 of Reference 1. T -Fv + TwFR where FV TVI and FRare defined In Chaper 1.
The water vapor content w in expressed us millImeters of precipitable water.

_J repevdantcliaoloficalns dratafrthe uerien of dton~armlrdations A isnloaemewortyhateoloditi onsi

tions, as well as the general behavior of this phienomenon, is discusand in some detail in Refer-
ence 1. Some further treatment ts given in Referenc.e 16. In what follows, it I- necessary to
make the usu.al disinctioii between narrow-~beam (c.L'nated,ý and broad-bevam detection aud
attenuation. The camera acts am a narrow-beam detecting instrument when It looks at small;
sharp-edQed features, lor wauitiple..acattererd photons originatiog in such regions must have both
fortuitous direction and orientation to appeir to co-me from a poirt± on the object. On the other

hand, in the case of e.6tended sourcev (f iroball, shock froth, air scatter) dl~re shotild be consid-
orable crosatzlk am,.ng neighbonring local areau because of scattering, avid 4 buil~up factor of
the type discussed in Ilhfererice 1 sbouhls be usod. Furthiermaore, tWe scattered componeat may
in several circum~tarnces.
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Eluow and PoQlaroid Attenuation. Reference 18 contans data for the attenuation of
Blue Light in the iUarshall Islands, where the climatological conditions ara expected t.o be closely
the same an at E4kini and Eniwetok. The night sea-level (exponential) narrow-beam attsnuation
coafficiout at 4.00 4, varies between 0.17 and 0.25 km. Note Mat the R~ayleigh coefficient
here is 0.04 km, (iluce the measured attenuation was found to be relatively wavelength-
Insensitive, tbt author concluded tQat it included a larg~e coatrlbution from sea spray.) This
figure should be c~vwred with that derived from Equiation 12 in Reference 1, which is germane

71ý 1to the prese~nt situtiact~. ThIs gives the usual relationship oetween attenuation and visibility
(in miles), (attenuation~ coefficient) - 2.5/vislbi~lty) per kilometer. This formula gives a sea-
level attenuation cf 04,!lcm for the nom.nal visibilities of Table 4.2, in reasonable agreemen~t
with Reference 18. Ncw the obiservation points (that is, the aircraft) are of course aict at sea
levol, but at a range of altitude angles greater than 15% therefore, it. is necessary to use the
methods of Reference I to take account of this effect for calcu~lating -the attenuation of the light
retching the cameras.

The results of such a calculation for Dakota, assuming the sea-level narrow-bvaJ1 attenwa.
tioncoeficentto e 50 X10~ft-1 (visibulity, 15 miles) are shown in Table 4.3. (ThO cralculX-

tion also makes the tacit aasumption that the scattering particles have the samp (expo~wtila)
altitude dependence as the air density.) Thie Nue is attenuated by about a factor 2 ýx uader these

typical conditions. The calculation ahould be valid for the Polaroid photographs also, that is,

and soaeonyspprcxlmate; inpriua- h iealsuriace extends a consideraible distance
aloag telvofsight. Furthermore, because of the, aforeraentionod buildup~ effect, the flux
from the extended source regions will be attenuated by a far lowar factor than that Bhown in the
table.

R ed Att e nu at i iun. In the neat-itfrared band of wavelengths passed by the Red filte r,
6,800 to O,000 A, there is some absorption Tjy water vapor but a reduced attenuation by bcatter-
log from molecules and aerosol particles. F'ortucately this waveleutiq banad is ciosely matched
to one of the windows treated In detal in Haference 17, 7,000 'tW 9,000 A. For an atmosphere that
is very clear Wa the visible, it Is, fouud !Ut tat ibtis window the (collImated) selective transmis-
sion Tc, s fits the forinvla

T,,. (0 .9 9 O)W (1.063 - 0,151 log18 W), (4J~)

where w is the water path 1,: precipitable millilmeters. A straigidorw~trd argument, following
a recipe for w qwted in Equation 1.9 of Refereace 1, gIvels

2.3P CS4 9 (1 -A7.12(4.2)

where P0 is the sea-level vapor pressure of wator Wn millim~toes of mercury, and A and 0 the
altitude OIn feet) and altitude angle oX the yoinl roý obsetvatlon. Values of w for Dakota are
given In ~Table 'd.3, as are Mhe transmissions. (Again all surface&u arc assum ed to be at ground
zero..) Nota that the selective tiransmisslon is quite Lusenitve to- the water path (as the form
of the equation verifiles).

To find~ the total window transmission, it is noceesary to multiply this selective transmission
by a transmnission iactor ezppropriate to tGie visibiiity, that Iis a factor that accounts for the
beattering t~ mol 1cular and miscallaneous airborne particles. This requiresi a rather bold in-
terpolat~ior4 of aome badly scatterad data in Figure 14 of Reference 17; this air-scatter factor,
and the overall Red transminsson, are given Ia the last column of Table 4.3. It can be seen that
the Increased water absorption and cdncreased scattering roughly compensate one another, and
that the narrow-beam attenuation of these atmospheres for the Red and Blue systvms will be,
sensibly, albout the same.. FurthermoUa, the buildup In the Red will be but little dIfferent from
thai. in the Blue, and so the uncollimiated atmospheric attenuation will be very close also
(Reference 16).
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4.1.3 Spectrographic Scattering Experimentý In order to determine the scattei-ng corrections
to be appledto the specttogrAphic data, 4 W'ip ectra were recorded on Eniwetok during the
operation. Spectra, as a function of no'lr' ei'ov&tiont And Instriment field of view, were obtained
with the N-9 camera fitted with the apcroacorqic attachme~nt. The rodurad I uwer ulen
plotted as a function of air maths (rato 0~ the path length of radiation through the zPt~iosphere,
at any given angle, to the path loigth tow~d the~ zenith). It was found that over the range of
1.04 to 7.01 air mc~seos, tb ,following elL wti he exe ime 'a error: (1) Initensitios re-
cordied as a functiou of wavelength~ for the 401 field of view qucrtz di. (user varied with air mass
in P. manner consisto~nt with the Hayielgh icattertng caloclationro of R, ference 18, and k.2) inten-
sities ~ecorded as a function of wayelergth for the 180* field of view ol dl diffuser showed nio
variatsion with air muma. This i* In agreement witb the wide angle~ sc& -Lering calculations OF
Reference 19.

The soiar intanrsittles meaaur~d with the quartz diffuser were corrected using the data of
fleference 18 aknd fitted to Wien's approxmintion to Planck's law. The intensities mieasu red with
the opsi difuser w'ere fit dtrectly to Wiezi'e law with no correctton for ainlospbcric scattering.
1'om the dats, a verie.v of solair color temperatures were obtatnod. Table 4.4 presents a labua-
iation of thest results, together with th. color teinpratures detet .-nined from a similar treat-
ment of the datta 1 References 18, 20 and 21.

The averag" anlar spectral in..ensities extrapoiated to zero air mass as n~easured on Eniwetok
agree in absolule value to within * 21 percent. with thoxe given In Reference 20. It is felt that
this is an indication of the highe~st degree of accuracy that caa be expected from any field meas-
ur ments made with the spectrograph described In Chapter 2; Ina general, the errors will be
g rt *.te r.

As a rep .it ut this transmission study, all 44,,a taken with the quertz diffuser Was corrected
usiog the s: attering, coefficients of Reference 18, and~ no correc~tiora were applied to the data
taken with the 160* opal diffuser.

4.2 ANALY~SIS Or, CALORIMETER AND RADIOMETERI DATA

4.2.1 Data Reliability. A close Inspection of Table 3.3 indicates that the data in not as homo-
geneous as might be -iiiidor expte Thilakohmoniy can best fobte instrante whe

maximum irra~iance was recorded. This plot of E versus 1) Is given its Figure 4.3.
In F~gure 4.3 data ftom three different aircraft~- B-47, B-57, and B-66-ar. plotted for

those devices that were positioned on bargav, which were of the larget yield, asd for two kwe r
yield to,:r detonations. All Instruments viewed the fireball diroctly through quartz windo~b
A preliminary investigation showed no significant diffor -ice Wewo.iL the linstruniteats with a 90"
field vf view and those with a 180" field of view. From k igure 4.3 Fiveral statem'ants can be
mado.

1. A Large amount of variability exists amonwj the various ist~runwntsi on tho same aircraft
purporting to be recording the same evw it. An inapection of' th original t~cords and processed
data Indicates that In many cases saturaG ~in effects occurred, wtich caused the readings to be
low. A verificatio;. of this pointn can be obtained through a comiparison of soms of the datp, where
fil tesr were used with the calorimeters and the data where fit~erq were not umed. In onmo eases,LI ~the tiltei data. shows rediant exposures greato'r than those recorded by the unfliterind calorimeters..
From Table 3.3, for example, In Shot Dakota, under thai B-47 aircraft~, a comparison of the sixth
entry with the eighth entry shows that the eaaergy in the wavelength ri'gion f'romn 0,17 to 2.5 microns
is greater thin that over the entire spectral :eegion from 0.2 to 4.5 mlicrons. In other cases, tho
iiltograted r~dioineter data shows values of the radiant exposure comparable to the htgtiest values
of the uinfiltered calorhncrfers. The radiome-ters In every caae had a quartz wirdom, so that theIIntegrated radiometer rdatit should'ý! s~i" ,.nparable with the unfilterod calorlmakerfa.

In T ex),Lanatv~n ofl these effuecta It noted that th~ermal damage to the filter~s "n wtrkowii W
coniacnamit clAn chtsngn' the irustnsiS~oi zharacteriatics of the wrindows during the pertod (it the
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most intense irradiance. MAlo the windows and filters of the lanstruments used In they test
were exposed to the e;ivironment during the entirp operatinnaI phase ,A the aircraft, which
included takeoffs and landings from an airfield. Tht: dust raised during the takeoff plfase
may settle on Instrum,- nt windows and cause, by scattering, a reduction in the energy in-
cident on the detector. Although the possibility exists th-at som~e instruments muy Indicate high
and that this error is not removed by calibration, the weight of the ev~ienre Indicates tnmt the
low values are in error. Using these highiest values, there is In many cases good agreement
between calorimeters and radiometers foi & given event and aircraft,

Typical calorimeter data to achown io Figure 3.6. A common p~roblem is iliustri~ted here.
Three calorimeters located in th!s same al, craft at the same station simult~aneously receive
radiant energy from Mhot Apache. As Indl -led on the diagram, the three calorimeters had
quartz windows and either 900 or 800 ~ieods of view. The differences between curves cannot 1;.7
ascribed t0 variations in field of v w; a general analyols of the results shown no correl*.tion
here. Although it appears that -owest curve can be brought into reasonable c~oincidence with
the two upper curves through muttiplication by a constant (in effect a new calibration factor), no
nonsubjective evMence that In available permits doing this. These instruments are presumed to
be calibrated in absolute units and In the absence of evidence toth contrrti airto
mu-st be accepted.

2. The average value of the specftic thermal energy from barge shots io shown as the solid
horizontal line of Figure 4.3. This figure indicates a reasonable arsumption for the specific
thprmal energy under these conditions is E - 1.3-km3/cmml-kt. The slant rangeý is restricted to
be in excess 01" 5 km. If :Mrditional data from two tower shots is averaged in with the barge data,
the average value of E tconies 1.4 ical-kmI/crn2 -irt. This indepencd.nce of range is expected,
because a consideration of the Tuator vapor spectrum umd the high water vapor content of tropical
'Pacific air leads to the conclusion that only a short dLatance is required to rsmove nearly all of

the energy falling within the water vapor absorption bands. Aa inspection of the last column of
Table 4.1 Illustrates the magnitude of the var~ation in to#al1 transmission that occurs In moist
Pacific air. No haze correction has been made nor has a corraction been made for atmospi eric
gazes other than water vapor. With the exception of nitrogen dioxide whose concentration in un-
kav- ii, carbon dioxide and hase are assuwed to giv small but constant attenuation, a not un-
reasonable assumption. The tests were conducted under conditions of good visibility, iLe., little
haze. Visibilities were reported as 120 milles or more for all events hlised in Tabla 3.3 with the
exception of Shot Zupi; a visibility of 8 miles was reported -or this event.

No correction for transmnissiont differences hus been zaa~i* to the data used in constructing
Figure 4.3, because the sositter of data obscures any effect atr1 i-ing from theave differences.

Although the scatter of Individual data masks the effect, close Inspection indicates that the
radiant exposure may have an angular dependence of the form discussed in Reference 1. The
angular dependence c'an be best descriko~d by reference to Figure 3.1. This figure, shows that
an aircraft at a small angle 6 (nearly over the fireball) will see more of the fireball surface
than will an aircraft flying at a largo angle P~. In Reference 1, cons ideration of the fireball
brightness and projected arts. led to the postuAlation of a coos 0 dependence for surface bursts.
To test this postulate, Figure 4.4 Is primnted.

Figure 4.4 includost all of the Ipertinent data from surface shots- Zuni, Flathead, Dakota,
Apache, Navajo, Tewa, and Huron. The vildues of E were taken from Column VII of Table 3.3.
Figure 4.4 to In two partA, the upper graph sho wilng E as a function of 0, while the lower shows
E/cos /3 0 ns a function of 0.

The spread in the Individual ptints io considerable, b t It appears that

E
1_ 45 (Curve A or C) (4.3)

is a better fit to Ome cata 4%%n

F -1.28 (Curve )(4.4)

In tne angullr range 0* c 60*, either exression fairly represents the data.
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3. Because of the ,'ariability that has been shown to exiat in the unfiltered caWorimeter d•ta
and because of the lack of data to compare several sets of filtered calorimeter values under the

same ambient conditions, large absolute errors may exist in the calorimeters equipped with
filters.

4. In the planning mianpa of th -proje•t it was hoped that s e nrnatoi the sofftctive

albedo of the water surface could be obtained by placing calorimeters in the underside of the
fuselage with the detector surface parallel to and viewing the mean water surface. Calorimeters

oriented to this geometry have been designated as vertical calorimeters. Unfortunately, as
Figure 3.1 suggests and Column IX of Table ý4,3 verifies, the vertical calorimeters see the ei cire
fireball and its Immedia e surroundings. As a result, no ir. ormatior can be gained concerning
the relatively small flux reflected from water areas far from the fireball.

4.2.2 Comparison of Observed Data with Predictions. One of the most important results
that emerk -s from this study is the verification, or lack of same, of equation@, graphs, or
nomcgrams that were used for pzidictive purposes. A method which is used to predict the ra-
diant exposure is described in Reference 22. In this reference, the yield of the burst.- the height
of the burst and the distance of the receiver from the source, the volocity of the aircraft, the

moisture content in the atmospheric path, the height of the haze layer, and the visibi•ity are
parameters used iW. arriving at a forecast of the radiant exposure. Of these parameters, the
forecast radiant exposure is least sensitive to the ratio of the visibility to the height of the hiaze
layer anti most sensitive to the range effect. These conclusions, which seenm to be nearly self-

evident, were reaffirmed when recalculating the predicted Q, the radiant exposure, using ob-
served values of the parameters. It was found that the predicted Q on recalculation was in

general within a few percent of the Q predicted on the basis of planning data. That this occur-
red depended overwhelmingly on the fact that the planning data on the yield of the weapon and
the posltioning of the aircraft was that subsequently measured in the test. As these tests are
always carried out in relatively clear air sa moisture laden that water vapor absorption is near
maximum, the weather parameters are essentially constants in the predictive equations. This
point can be illustrated as follows.

Figure 4.5 is a plot of the obaserved radiant exposure Qobs, versus the calculated radiant

exposure Qrec, The planning data, computed from the nomograms of Reference 22, refer to

'he radiant exposure on a horizontal detector. The bulk of the data has been taken with the
detector surface oriented toward the fireball rather than being parallel to the earth's surface,
thus a sec 0 correction fa,-tor (Figure 3.1) h" been incorporated in calculating Qrec, approxi-
mately correcting a horizontal receiver to one oriented toward the fireball. Thc scattering of
the (,bserved data is large, but the trend is correct. The data scatters approximately evenly

about the veriftcation line, the solid line at 45" inclination. It is reasonable to state that on the
_ verage, the methods used to predict the radiant exposure Qobs are good. The unfortunate
situation exists, however, that the spread in the observed data Is so large that detailed verifi-
cation cannot be made. The spread In the observed data at any one predicted radiant exposure
is as large as, for example, the difference between 21 and 42 cal/crA2 for a predicted value of
27 cal/cm'.

Because the scatter in observed data is so large, a rather simple picture of the thermal radi-
ation process might be visualized. Figure 4.4 indlcatoo that the value QD'/W ros 2/3 0 Is, to
within the confidence that can be placed in the data, equal to a constant independent of range.
The value of the constant l. 1.45 cal-km2/cm2 -kt. Using this value, Qre' is found for each burst
from

Qrec 1.45 CO cos 19 (4.5)

The equivalent yield W, the slant range D, and the zenfth sngle 0 are known. In this forrnula,
W must be expressed In kilotons ai I D in kilometers. The iresulting Qrec is in units of cal/
cm". The measured radiasto exposire, ok)s, is plotted against Qrev in the manner of Figure
4.5 to construct Figure 4.6.
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There Is ab, it tb-w sare scatter of d 'a points about the predicted Q in V 4.Are 4,.6 As ere

'is In Figure 4,5. This fact points uoit that the simpler formulation de~rived fromu this datk andI

used InA constructing F'igure 4.8 rosuits' in predictions for these specific events as trust-worthy
as the mere elaboraie method used to construct Figure 4.5. The tower shots and the slln~le air-
burst have been included in Figure 4.6 an well as the barge shots fr~om which the prediict. m
equation was constructed. 'rho ronclusion that can be drawn fromi these two figures is tho re-
fined prediction techniques are unnecessary and perhaps misleading as long as tOe data frorz,
which these pro~g oic techniquea art- developed have the present lack of prectsion.

4.2.3 Comparison of Thermal Yield from Air Drop and Barge Shot. Shot Cherokee was the
only air drop. The aircraft data is meager so that a compArison of the thermal yiei;d for this
air drop with the thermal yield from a barge shot cf"uld only be inade In a few instances. The
barge shot selected for comparison was Shot Zuni. The only usable data was that from the B-
47 aircraft. Comparison could be made between three sets of calorimeters and three sets of
radiometers.

Since the range at the second maximum for Cherokee was 64,420 feet, and that of Zuni ýnly
45,910 feet, while the weapon yields were similar, the thermal exposure and Irradiance data
were nur~malized by multiplying by D2/W, the ratio of the square of the slant range by the yielc.
The normalized data was used in the following way to construct Figure 4.7.

Three calorimeters were found for Cherokee that had thermal records that e dtended to at
least 18 seconds. Each Uf the three calorimeters had a dilferent filter. The first had just the
quartz window, symbol Q, the second filter A, and the third filter B. The transmission inter-
vals measured In microns are respectively 0.2 to 4.5, 0.7 to 2.5, and 0.9 to 2.5. In investirating
the Zuni data from tho same aircraft, It was found that the same Instruments in the Zuni and
Cherokee events were equipped with the same filte-s. This fortunate state of affairs enabled
the comparison to be made with the same instrume'nts equipped with the same filters for both
Zuni and Cherokee. Tht. ratio of the specific thermal yield ECherokew/E Zuni was taken as a
function of time where E is defined by Equation 3.1. This gives the first three curves of Figure
4.7. The filter is the constant parameter for each curve.

The fourth through sixth curves of Figure 4.7 are constructed in the same manner as the
first tliree curves, except that the sensinaj instruments were radiometers instead of calorimeters.
No filters were used, only quartz windows. In this set of measurements, comparison could
also be made between the same three instruments for both Cherokee and Zuni. Here the com-
parison is between rates at which ",norgy is received, rather than cuirtative amounts of energy.

The evidence supplied by Figuro 4.7 (excluding the third curve from the top) and the data froin
Column VII of Table 3.3 a~ th~t ~especific thermal yield of Cherokee Is of the order of 0.8
the specific thermal y imld of ~. `&'ated a bit differently, it appears f rom this one set of data
that an aircraft will receive at fu, ý-a much and perhaps Itiore theormal exposurs, from a surface
burst than it will under comparabt., ý,.,nditions from an air.&rst. Several factors may contribute
to this effect, and these more h~an cttapensate for thIz reduced fireball area presented to an air-
craft flyl',g at a low elevation angle to oýPeoect to, tho firoball. These factors include an enlarge-
ment of the hemispherical radius of a grr..ind burst over an equivalent airburint, hie high albedo
of the shock froth, and the scatterir. by the air and clouds. All of these effects tend to Increase
the thermal flux. A discussicit of these uwftects is presinted Later.

Using the equation io.- the thermal exposure QE~ given In Referencom 1 and using the available
data on the characterics ot the deuice, the positions of the aircraft, ana x~mble~at uiather conidi-
tions, it was calculated that the total radiant exposure that would 5e recilved on a horizot.tal
detector In the B-47 aircraft for Cherokee was 13.8 cal/'cm' disti-buted sucii that U.1I cal,, cni2
were received in the visible and 5.7 calicm' wore received In the in~frared. Corresponding
values as calculated for Zuni gave respectively, 13.9, 1.6. and 12.3 cal/cm2 . A surfhice albedo
was chosef) as p - 0.6.

The only available data trom Table 3.1 ý,, check these calculations were the second entry
under Cherokee and the first and second eniti irw~'~c" Tzte Cherokee value was 4.89
c~al/cm 2 received In the inlrared. Ile Zuni values were 18.6 cal/cm 2 total Q~w! 13.0 cal /cm 2 In
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the Infrared. The only direct check that can be made, therefor*, is in th-2 Infrared where the
calcidated values of 5.7 and 12.3 cal/cm 2 can be compared -with the mneasuired va~lues of 4.69 atnd
13.0 c~l/cm 2, respectively. The ratios 5.7/12.3 and 4.69/03.0 '.tre respectively, 0.46 and 0.38.
T AG as 0 -r ea Q Maa I. AM raa-nsdb whIG®R.. i.............. ^-# the. ! -rge va~r~mAlfy that 1zkwnt

exist in the data.
A comparison betwoen theoreticcl and eXerlMORitaI th.~rrnl eXposures for calorimeters

pointed dir-!ctly at the fireball Lot not so straightforward, mainly beecauce of the approximate
correction made to QEIn order to estirnate the direct radiant exposure. The correction in
get metrical, and rotate' the horizontal receiver to a posItion where ti'e nor-mal to the receiver
surface, points directly at the fire~ball. nhi. rotation, of course, maximivlýs the direct flux
incident on tWe receiver, but is noi' a rigorous correction for the scs~tered and reflected fluxes.

p However, as the theory Is relatively insensitive to the Indirect as compared with the direct
flux, the orientation of the receiver in respec'. to the direct flux is r factor of primary magnitude.
In terms of the angle 9 of Figure 3.1, QE sec 0 Is an estimate of V~ - di* ect flux. F~r Chero-
Icee, this Increftses the total radiant exp.osure from 13.8 to 24.0 Cal/ýcm3 , an~d for Zuni the cor-
responding value increases from 13.9 to 20.0 cal/cm2. The ra#.~o 24.0/20.0 -1.2 Ia 50 percent
high~er than the 0.8 estimated from Figure 4.7.

4.2.4 Determination of Irradiance from Calorimeter Data for Shot Dakota. Since Shot Dakota
ha anaeec0 orciea ealdjb-tgahc lysis (Seiction 4.5), an attempt will be
made to extract more information from Mh., calorimetric dafta that his already been preserited
In Table 3.3. The method to be used, though basically sound, leads to results of limited value.
This statement is made for two reasons. First, there is a relatively large unc ertainty in the
accuracy of the stated experimental values. Second, the attied wavelength interval is only ap-
proximate because of the specific transmission characteristice of the filters mentlohied earlie~r.
With these limitrtions in mind, Figure 4.8 has been constructed.

Figure 4.6 ts a plot of the irradlaccy in several narrow wavelength intervils as a function of
the logarithm of time. The direct energy from the fireball of Shot Dakota was measured. This
curve is a derived curve, constructed from filtered calorimeter data. In theory, the slope of
the time-dependent radiant exposure curves (calorimetor da~ta) yields irradiance. The differ-
ence In two irradiances, each filtered differently, that view the some. thermuel event for the
pe~vition in space is used. This difference is just the Irradiances that would be received by a cal-
orimneter having a filter whose tranamis~ion was the difference of ttv* two filters used. By this
differencing technique, It to possible to estivate the Irrad~ataces for the waveler~th Intervals
listed in Table 4.5

Figure 4,9 is similar to Figure 4.8. In this figure, the irr-adiance from Dakot.a rneassured
by calorimeters pointing vertically downward In presented. Because of the obiiquity factor dis-
cussed In Chapter 3, the irradiancy In Figure 4.0 Is less at arty Instant of tino than the Irra*diancy
given by Figure 4.8. Lik* plots for otber evente shovod similar characteristics.

No particular Inferences should be drawn from the fact that the time to maximum irradiance
of curve Q-A Ini Figure 4.8 is greater than times w"'own by the other curves. The smoothing of
the data and subsequent numerical differentiation do.es not lead to curves of sufficient accuracy
for evaluating such fiae detali..

In constructir ( these curves, smoothing off the data is necessary. This precaution io es-
peelally pertine t when large rt'ýiounts of data are processed by machine methods without the in-
ciusion In the p~ogram of, a amoothing routine. Otherwist, the slopes, and hence the irrad~ancy,
&:e extremely sensitive to small errors In the calorimeter data. The smoothing of theee curve2
was accomplished by ubing a running mean of five points, where eacho point was o7 the order of
0.05 second apart.

'I ~4.2.5 Radionmtrlc Dotermnination of the S~ourc~e Color Temperature. An Indix -ct product of
these tthermk Umersurements Is an 3stimate of tiie effective b~ix--kWiernperait;ro of the source.
For thin section of the report, the color temperature of the sour-e wfij be defined a:ý that tbratp-
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erature used to cons ruct B ilack body curve that best fits the observeu data, when corrected for
all known absorptions Frcn a consideration of the uncertainty in the accuracy of the dva used
to arrive at th# finml answer. it is estimated that the error in a temperature determinattor may
be of the order of , 1,000"K. Only Shot Dakota was analyzed, using data supplied from the B-57.
The results of this analysis is a curve of temperature as a function of time (Figure 4.10). This
figure indicates that the highest temperature attained was of the order of 6,000°K. This peak
temperature occurred at the instant when maximum irradiance was measured, This high temp-
erature is about a factor of 2 greater than the 3,000"K temperature assumed for surfacze bursts
in Reference 1.

To derive the da! t from which Figure 4.10 was constructed, it was assumed that the ratio of
the irradiances measured in two different filter regions was Just the ratio of the black body
energy leaving the source corrected for the known absorptions. The known absorptions for the
rgions selected are due to water vapor, carbon dioxide, and the filter absorptions. The visible
region was not used because of the unknown trknsmissivtty of NO2 and N20 4 . Figure 4.2 gives
ýhe absorption per unit length at standard temperature and pressure for these two gases, but
as the concentration, temperature, and distance from the fireball of the gases was unknown,
no transmlsvivity could be determined. In the vicinity of the fireball, absorption and re-
emission of radiation is a complex phenomena for which Figure 4.2 is of limited validity.

Radiosonde balloons launched Just before the event indicated that 54 mm of precipitable water
occupied the path the radiation subsequently travers, I between source and receiver at time
zero. The carbon dioxide content of the atmosphere is relatively constant and known. Thus,
it was possible to estimate the tranamissivities of water vapor, carbon dioxide, and the filters
as functions of wavelength. These transmlssivities will be indicated as 71 , 72, and Ti, respec-
tively. The subscript I is a general filter index, where the index system is the same as used
earlier in Chapter 3 (Table 3.4). Using symbols, it is expected that two instruments on the
same aircraft which review the same event, will show the following ratio of irradiances.

HA- if 71TA_ B c (T) d
M -C .-1-...__ _ (4.8)Hf" T TT2 TB_ C ((T) dL

In the above equation

c(T) M (4.7)

the black body intensity function expressed in conventional symbols. This function to tempera-
ture as well as wavelength dependent. Tables of this function exist in a form suitable for com.-
oiutation. If small and uniform intervals &A are chosen and the 9's and t (T) are replaced by
their mean ',,alues over the Interval, Equation 4.6 takes the simple "orm

HA- 1.. L 2T 1 r2 T c_ 2 (T)
"H- "ATT A-B (4.8)

In practice, the summation Its taken over all intervals where 'A- B or 7B-C ha a value otV "r
than zero.

The ratio 2; hA_ B(T)/Z; hB_ C(T) can be found from available data using several arbitrary
temperatut es and the restalts plotted as functions of the temperature. This procedure leads to
Figure 4.11, constructed! for the following pi ameters

Water vapor 60 mm of precipitable water

Carbon dioxide 250 atmosphere-em
Filter A-B 0.7 to 0.9 micron
Filter B-C 0.9 to 2.0 micronni

These pare, reCl'r i ! rii• Shot Dak., ta as viewed from the H-57.
To construct Figure 4.10, the irradiance data as derived from the filtervd calorimeters to
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forrm tUe ratio HA- l/'HB C is used. From the original data

HA- B H H- HB (4.9)

HB_( -HB- HC (4.10)

where th. letter subscripts represent the filters described earlier. The ratio of irradiances
changes with time. Assuming the equarity specified by Equation 4.8, Figure 4.11 can be entered
to find a temperature consi-tent with the observed ratio HA- B/'HB- C' This temperature plotted
at .e time this ratio was measured in a point on the graph, Figure 4.10.

It is unfortunate that more spectral regions are not available for analysis, so nat these re-
suits can be checked. Data from the region 2.0 to 2.5 microns was not used because of the low
signal-to-noise ratio and the low signal level exhibited by the data. The region from 0.2 to 0.7
micron could not be used because of the lack of information concerning the transmisslvity of
NO2 and N20 4. In principle, the average transmissivity of the combination of these two gases
could be determined if the validity of Fib,'re 4.10 is accepted. An equation of the form of Equa-
tion 4.7 would be used, except that T is now known and one average 1ri Is unknown. Here T

is defined from

-i 2; T, ., c (T) T I T2 Ti (r) (4.11)

The crudeness of the data does not merit this additional refinement.

4.3 ANALYSIS OF LOW-RESOLUTION SPECTROGRAPHIC DATA

4.3.1 Structure Identification. Considerable effort was spent in trying to Identify the absorp-
tion structure shown in the spectrographic traces (Figures 3.8 through 3.20). The results of
this investigation are shown in Figures 4.12 and 4.13. Figure 4.12 is a composite of laboratory
absorption spectra of NO 2 taken at various amounts of absorber concentration. Figure 4.13
presents a comparison of the laboratory absorption spectra with two irames from a typical
shot. It is evident, from data of this type, that In the siectral region considered nearly all of
the spectral str icture can be attributed to the absorption of radiation by NO2.

The amount of absorber present was determined by the method described in Reference 23.
This involves the use of differential absorption coefficients based upon the values of the absorp-
tion coefficient of NO 2 measured at room 'emperature. The results of this analysis are sum-
marized in Table 4.6. It is felt that these amounts represent lower limits tothe absorber con-
centrations present. Errors due to slit width corrections could increise these values by as
much as 20 percent, albtough these errors are probably small as compared to the errors intro-
duced through the use of room temperature absorption coefficients.

Examination of the last column of Table 4.6 reveals that the NO% conce-itration at the time of
the second maximum is roughly independent of the device yield. This implies that the absolute
amount of NO 2 present at this time varies in direct proportion to the square of the fireball radius.
This in turn implies that the concentr tion varies approximately with the yield raised to the two-
thirds power.

Thus, at least in the visible portion of the spectrum, the spectral histories of all events ap-
pear q ;tte similar, regardless of the yield. A large amount of NO ? is formed quite early In the
bomb history and persists throughout the entire event. The actual amount of NO2 formed, the
mechanisms of tormationi, and the rol< it plays in thermal radiation cannot be precisely deter-
mane.t until absorption 1oefficients for NO, are known for the temperatures Involved.

4.3.2 SpectrographIc Determination of Color Temperature. To simplify thermal radiation
Ilux calculations, it is desirable to represent the spectral distributio,1 of the radiatlona by a single
number. r'his leads to the concept of spectral temperatures. Attempts werc made to find a
color temperature that would represent the data during a major portion of the thermal pulse.
When the relative spec' ral intensities were reduced to plots of Wien's law, it was found that
they deviated considr ,biy from a gray-body distributl-,n' This is due to the tenuous nature of
the fireball as well a4 the Large absorptions by N"2 . 4ýnce temnperatures determined from the

S R

SECRET



Wien plots would have been qukte low and clearly rnot representative of tire fireball surface terrp_-
erature, it wa~i dvecided to obtain a tempcIviture for emch waveleng~th intervhl defintd the wir-
face brightness of eh'e fireball in that interval Thus, it would be poduible to clitain a bet of
temperatures as a function of wavelength as well as a function1 of time.

This method Involved the measurement of absolute sopectral Intensities, correction for air-,
craft position as a function of time, correctioni for the nonsphorical rh~&je of the 1.rebail, ai~
assumptions as to thle effective fireball emnissivity. For the purpose of these calculations the
fireball wagi assumed to have an emnitsivity of 0.63 and the shape correction waa that recom-
mended in Reference 1, for a hemnispherical surface burst.

The resiults of this calculation are summarized in Table 4.7. The tempersktures presented
here are for the wavelength region from 4,400 to 6,000 A, the higher valuea of temperature cor-
responding to the longer wavelength. In nearly all cases considered, the tc~mperature at any
time during the pulse increased with increasing wavelength. Also, in general, the spread of
temper4 uze values decreased with ipcreasitg time after the second maximurn.

11 the logarithm of the temperature is plotted as a function of the logarith:n )f time, it is
seenl that the average values of the temperatu s fall along a straight line, tht.- slopeý cf which
is minus '/3 as suggested by Reference 24. The data was reduced by this slope, anti the result-
lng interce-As were plotted as a function. of the weapon yield. This reasidted in the empirical
equation,

T -2570 W'-12 t - 1/1 (4.12)

Where: T = temperature In *K
W =weapon yield, kilotons

This equation holds only for times grerter than the time of the second thet-mal maximum. At
the second maximum, Equation 4.12 reduces to

T *- 8690 W (4. '(A3)

In order to facilitate comparison of the spectral data with that obtained ýrorn calorimeters
and radiometers, It seemed deuirabi - to obtain an average color temperature for 1he entire
thermal pulse. This was accomplished by plotting the relative spectral intensitiero as a function
of time. The resulting power-time curves were graphically integrated, and the values of the
integral fitted to Wien's law. This resulted In an effective integrated color temperature for the
vi~ible region. The results are nresented in Table 4.8. The type of temperature presented
hei a is equivalent to that determined from measurements made with filtered calorimetera, th~e
main difference being that the calorimetric tempe~atures are essentially ine~sures of the color

A temperature In the infrared.

Thus, due to the variation of the fireball abs -orption coefficient with wavelonngth, tt Is tinipos-'
sible to represent accurately the spectral distribution of the radiation In the visible region.
Approximate values for the spectral temperatutre foi time's greater than the second Lfiinaimum
can be estimated from Equation 4.12.

4.3.3 Time to Second Maximum Spectral Dependence. In exAmination of the spectralk Power
4 time curves, it was noticed that the curves for diffe'reitt wa eiengrhý peaked at different times.

Time to the peakr was determined from the peak of the smooth curve through the data ~ piatt for
each wavetength. The resulting times were then fitted by the methodt of eaxt squaq.eai to ý*n
equatiov of the form

-KVaX 74. 
14)

Where-, tkna t. me, seconds to the second maximum

Tý'e value4 of b obtainet' from the above relation scattered in vd random fashion froin 1345 to
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0.52. It was decided to fix b at 0.50 and solve for K as a function of wavelength. Thus,

tmax = K(X)W)/' (4.15)

When plotted versus wavelength, values of K determined in this manner resulted in a band of
data points indicating a general trend. For each wavelength the rms value of K was calculated
and a smooth curve fit to the points. The results are summarized in the table of K (A) coeffic• nts
(Table 4.9). Table 4.10 presents a comparison of the measured tmax values with the ones cal-
culated from Equation 4.15, using the coefficients in Table 4.9.

Variations in the time to the second maximum with wavelnfth have been found. These varia-
tions are most probably the result of the varying transparency of the firebal' s a function of
wavelength and time. That is, as the fireball becomes more transparent ramiation is measured
from regions of higher temperature. This interpretation Is consistent with the behavior of the
NO 2 absorption coefficient.

4.3.4 Fireball Diameter Correlatlzn. In the process of determining spectral temperatures,
it was necessary to measure the fireball radius as a function of time. This was accomplishpd
by measuring the image diameters photographed with cameras adjacent to the spe i )graphs.
These image diameters were related to fireball diameters through knowledge of the aircraft
position and camera focal length. As t byproduct, these data were analyzed with respect to the
scaling laws.

It was found through the method of least squares that the maximum fireball radius Rmax
obeyed the relati'm

'Imax = 330 W 0'- (feet), W = yield (kt) (4.16)

and the radius, Rt, at t tmax varied as

Ritmax 266 W°'s/ (feet), W yield (kt) (4.17)

These results are summarized in Tables 4,11 and 4.12.

4.4 ANALYSIS OF PHOTOGRAPHIC DATA

The remainder of this chapter is concerned with the interpretation of the photographic records
taken from the four aircraft. The phenomena of interest were those of significance in the pre-
diction of the thermal radiant exposure and irradlance at a point in space as a result of the nu-
clear explosion. To this end, the time history of the fireball and its associated reflecting, ab-
sorbing, and scattering elements have been studied over the complete thermal development time
of the detonation.

This section treats several of the ancillary features which are observed in each detonation,
and serves as a further introduction to the more complete analysis cf Shot Dakota (Section 4.5)
and of the absorption shell phenomenon (Section 4.6).

4.4.1 Hot Spots. Good examples of this effect are shown in the reproductnme of the two
Dakota Polaroid shots and in most other series as well (see Appendix). The bright areas appear
to be fairly randomly interspersed in 'he outer regions of the fireball; they are of course not as
easily detectable agaInst the bright background of ihe central portions. Spots are observed up
to the very edge of the fireball or absorption shell, but not outside. The spots have a size dis-
tribution ranging from just resolvable specks up to areas subtending such large angles that they
appear to be 100 feet across. (%,. 'lution of the Microfile film Is, typically. 5 feet in these
photographs; the lens system decreases this resolution to two or three times this figure for the
f-numbers used.) However, irradiation (image growth by diffusion in the emulsion) cauld ac-
c,.unt for all or part of the imago size. (But siee below.)

In the Polaroid photographs ehown, the spots appear at about half the time to minimum ard
gradually become undetectable, first visually and then lensitornetrically, as the fireball brightens.
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Those In the absorption hell are still detectable up to aLxi~: 3 ), minimum. - which timu
they fade into the background. This same behavior Is observed iri the Red photographs. In oi
Blue~ frarses, the hot spots first appear on the film anid expand with time (expandi ng star clIum Ie r)
when there Is no visible continuous fireball; consequently, all the blue flux alifecing the film
for a few frames is from the hot spots. The Individual ap- 4s are distinguishable against the
dimmer background up to about 6 x minimum. Oniby I percent of Ice Integrated thermal flUX [as
been emitted at 3 -< minimum, and abo~ut 8 percent at 6 x minimum, so that the contribution of
the hot spots to therinal damage is in any case small.

A microscopic examination of the Red image v! '*he spots fails to show ary strul~ure resolved
by the camera system. The spots appear circular, or, occaisionally, oval with the short axis
radial from the fireball center. Since they are smaller than the slit, no density profile can be
made. Consequently, it is not possible to decide f rom the Red data whether they are an large
as they appear (which Is very large indeed), or whether, the extended bright spot is due ) light
diffusion effects In the emulsion. There are, however, no noticeable diffusion effects at Athir
sharp demarcation lines, such as the fireball edge in Frame Zero.

Most of the Blue series show a dark tail on tile oright hot spots. An example ku Dakota
Series 36299, shown in the Appendix. These tails appear to extend radially out from the fire';Al
center; their length generally increase with projected distance from the ceitter. Thus the tail
gives the appearance of being the shadow of the bright area. Since no question of image diffus it) n
is involved with these dark streaks, and since the streak width is the liame as the width of t~iw
hot spots, the hot spots must have essentially the finite extent measured on tWe film.

The finite slit size m'akes the relative light contribution of the spots ce'fficult to evaluate.
Near minimum in blue light this figure is approximately 100 percent as noted above. For the
red between minimum and 3 <~ minimum a crude value of 10 p~ercent may be assigned by estimia-
ting the fractional area of the fireball covered by the spots as 1 percent, and the ratio of spot
brightness to brightness of surroundings as 10.

It is possible to identify the same hot spots in the various series of photographs oi detona-
tion, and to trace individual histories. The bright local aicas appear to move out wit, the ex-
panding fireball; their relative positions therefore change only slowly.

4.4.2 Plume. This large topknot appears to be a b'l~owy cloud of opaque gas, developing at
about the time of minimum. A plume is visible on all the grouiid, water, and barge detonations,
but none is detectable on Erie or Mohawk, the two tower shots: and none is rebolvable on air-
burst Cherokee (which has extremely poor photographic coverage). Preimuntably, then,the plume
is associated with an Interference (.fect of the early shock wave reflected from the surface.

The genesis of the plumne appears to be as follows. A large hot spot, or group of hot spots,
generally less bright than the ozher hot spots, develops near the crown oif the fireball at about
the time of minimurn it ts first observed somewhat later on the blue films). An enlarged view
of the hot Ppot on V)a)kota, In the Blue, shows it to consist of four resolvable bright s3pots, ar-
range; in a rough square. This spot bright' nts at -1 then darkens, growing into a ti.rge dairk vol-
umne extending in later I raineb w -11 above the fireball. The limb of thl., plume, and particularly
its very top in early frames, may be luminouti in the Red; howev~er, the plumne is always nui3te
opaque in the Blue.

The plume appears to develop earlier in seated time for low-yielr' devicci 'rompare, fo~r
example, the Lacrosse, Flathead, ,in, Zuni photrgraphs in the Appeitdix). Cunmvt-que~ntly, Ots
effect on the thermal flux from low-yield weap,.r; s, should be relatyvely la rger ftan It'i ef~fct oll
larger ones.

A detailied analysis of the thermal. flux obst .ared by the plumne 'tas not beeni 1made. 1ioweve i,
estimates of the otbscuratioml of the thermal flux front a miegaton-yieldt de'!Ice st'.i.'h as Il~ako~a
can be made from the several serles of pictuires tra '~Appendix,, hi geiteral, the jilumie appeam-i
to obscure about twice as mu~ch (if the ftriebaii In the IPiue ph'.tographis aii In the lied m~e.4 vk)
in mnind thzi, the fraction of thermal flux .. comih from the fireball proper is roughly 50 14ý 611 jxr -
cent (Sectioin 4.5,.3), the photographs (AppenU~x) atihow tha~t In -,i~te (?~fl5tsay 3 li t0. -I tl'v phitilte
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C391 hiork am much as ý() pe'"-;ent of the O1Ire':,t ~thmý,nt f!4 ý eat'hinfg "a det- Ih:,ý atlovr siiace
zero. (The plumne, of colrvv, rdu,,-ý* '111 004eric, The 11,wi t-i tvoeA, ankc dwlecýrs Is
redoced by' a miuch ovtalip! facter aiA thif pActum At Vurpsr'zeair frebaii t~~nwxara,

"w;c'-e tiio (WA IzAt~n t *W" *fA6 ter Hwe~o an Aý a th~ the. ptwnvc no n'~ thasi
atenth~ of the (Dakf)U) f coball arp,ý dewed fýon the Aa overa~ estimrn6e ref thc Wfa'

This ligure, 'An Wigier for small devi,,csnv and bowxer Xor tnrg onws,

4,. WHiln V::cud. At late, xtu5.s t.e "a stick ilv~ pmeet., the z1r temp~erature some-
wht einIth hokfront falls beb3ý aribient; thIs causes cond ensatlmio s74 atni-pei~c wat,ýr

vaptr' Into dropleto ' ~~ cloud ok'ect). A cloud ta eto form near the lnoid.ie edge of timiý
shock v -Ive, and then grows inmward, ap~vcurlyg to ike on the sdiapn ol 2n aph'~it
tends in, typically, to about one firib3A2. radius f'o~r the fireball suriace. ;P pqssing it may
b'e noted that.. when the Wileon clo~ac first bcgkne to form~, it apjpearu to re.ondenre the sam~e
trade wind cumulus clouds thAt had bee 1evaporated bY the expandiag slhct,4, wvev a serond or
so earlier; in fact, cases are observed in which oway Ow, astdr of a clou'1 near the fir~eball is
evaporated, and then appears to re-form almost aifftediatelyý 'Thlv behAVior As of o~urse ex-
pected, as supersatu ration In firm~. reached In Whoe regions in which there Is a Iocsi wu,4r
vapor surplus: the vapor from the clouds and the condensation nucleil have not had time to diffuse
away before the cwtmditions for cloud re-formation are reached. Then, as the temperature is
lowered further, atmospheric vapor onndenses into the larg~er, bowl-shaped cloud.

The timae (in a 0,'9 of f rames or d4th iecond) at which the f irst sectioiis of Wilson cloud ic
seen, is shown in Table 4.13. Tý eue figures are not tu be taken as extremely accurate, because
an early cloud formation may be engendered, by fortuitous local conditloisa (such as the Presence
of water vapur from a recently shock- evaporated cumwiu:,s cloud). Neve~rtheless, ýhere is evi-
derace that the onset of Wilson ckoud formation does ndA sc'je with the thermal eifectfl, that is,
as (yildd) 0. -his in shom~i by the late (in terms (ý'units of time to maximum thermal output)
formation of tVw WIlson cloud In Mohawk; theg relatively late formation In Dakota (which VaS
oŽb,ýerved, from s\"vgral aircraft stations) and Apache; and the cbservation that the thermal flux
from th1e fireball Nva ,not great enough to show the Wilson cloud (if it Indeed was formed) In the
three lowest yield detonations. The time for Wilson cloud formationi appears to scale with the
o~ther hydrodynamic phenomera, that Is, as ivieid) V/I; see thc- last column in Table 4.13. (Note
agalo that a higher detection efficiency vorks In Vic direction of mnaking the Wilson cloud of
Dakotax nppear enrly.)

In ai,, vent the Wilson cloud does not Oor ure ar apprctý-,able fraction of the f treball or shoCA
froth unt'l 5 to 0 t m,,l' when about 90 perrent of the thermral flux has alread.- been emitted
from th devIii-i and the rate of emission is only 10 piercent uA, Iitgi as it In at tmaxia. Conse-~
quently, Cho importance of the obscuration by tht Wilson cloud, from a thermal viewpoint, in
reasombiily small, The cloud obiscures the scattered light from the at )ck froth, which contri-
1wAies almoet. half the thermal fRux in thes very latef fVanM03, and It obscures most of the fire-
bL&1 ýor low-..~ugie observers. On the other hand, tho cloud does no block the flux from the fire-
ball to near-ver~ical observers, arnd there is an appreciable albedo contribu ýon f r.om the Illum-
inated cloud Interior into such ainglesi. A ciude estimate of the fraction Lf t"e total thermal flux
obscured by the Wilson cloud Is 7 percent. It appears that, by the time Vie Wilson cloud evapor-
ates, the thermal ) s is over (The irreversible shco 'k,ý-hvattng makes ~ihe final ambiont air
temnper ture hlghe~r than befor,, the blI Ma.)

4.4.4 Air and W.crScattering., 'ýn addition to Jtie albedo contribution from shock froth.
I ;ZiodT, i-a1ST nd slid, oeui~e light apptars to c*,nmt fm' m the water surface. Presumably thia light

in ~ttee both from VO VVAter, which h&3 a nomivmmd aibedo of 10 percent (Reference 1 atid
Later 'liscussion here) av~d Nvow the air ano aerosol pax1 thles, Easentially specular reflection
fromn the water surface lpn u ce-ved at lqw observation auglew (isee Apache f-iotographs in Ap-
pendix.), but In general it jlpeurx that the rnaju ' frao,.or~ of ýhis part of the albado corties from
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air-scattered light. rhi~s aiir-ocattering extends as a backgroun'd over other features of the
photograpbs aAd tnjust be subtracted to 1etermine the qoanttltatliv*, surface brightnesses of objeci~.

8 ct te rio F~un ct. io n. The intensltý of this albedrc. lighi; ato. w function of (angular) dis-
ta',ice fromr the fireball muat be xnaaur-od at % h..fnreý tljt& bŽeksw'may of the ehock w.a-v'e.
ThI5 is n~cees3ary because the shu~ck f roth, alik shock, awtn~~tem,,5o14ion shell it, At develop then
ntAkn intcrpretation o1 the close-in brightness pattern imposmetht; the far-out brightness L% not
far enoug'h alnwe filux background for proper antalysis. The cafly fireball has a very sharp edge
ani, in O~e Red, Ise bright en, ugh to 1iumiinate strongly, thc surrounding area.. However, the
Blue, even at Frame Zero, is not intense eiv. gh to permit very go,'d brightness pi-ofiles to 4?
wrade.

Such brightness piots are given In Figurts 4.14 through 4.16, the brightness being regimtered
at angles measured from the apparent fireball edge. More such brightneý. s plots are given~ In
Soction 4.5.4, along with further discussioa. These ýý rapha show that the scattering irornan-
gular regions to the front and rear of the fireball Is about an graat as that fr ;m the sides. This
m~ar-isotropy givep somie implication that the scattering ts froim the air, be'-ause In the photc-

grammetry, equal angles menAured vertically and horizontally do not extend over equal water
dist~ances, Furthermore, because of the f inite size of the fireball the front and rear a gles do
not measure symmetric water distances. Another critical point is that t~ae scattering od)es not
fail off as rapidly as 1/(angle)z (an upper limit to what would be expected from a Lambert plane
illuminatedl by a point source), even at angles several times as Large as that subtended by the
fireball. 7his point is mxanitned In dt'tail In what follows. A third point is that if the scattering
were mainly from the water~ surface, the light (which has a low-angle source in the fireball)
coming Isrom, the rear would be expected to be much lesm intense, unless the water were a very
good Lambert plane indeed. An additional observation against water reflection in that the Red
albedo in observed to be greater than the Blue, while Reference 25 indicates that the ilue water
albedo &hould be many times greater tharn the 7,-d. Fvrther evidence that the luminous region
about the fireball is the r.esult of air scatter foilows.

Scattering by Atmrospheric Haze -Fireball Aureole. Ai ixamination of
the brightne is traces made on a horizontal line across the center of the fireboall in the fitrot few
hundredths of a second after detunation shows a remarkable ILikeness to similar scans made
across the lace of the sun and into the adjacent environment,. The bright ring surrounding the
sun that is observed even cin thm clearest days is called the aureole, and this same nomenclature
will be adopted for the bright On bg that surroaads the fireball in Its early stages of development.
Figure 4.17 illustratee the brightness as a 1'inction of angle for severat situations. In this fig-
u~re, the Curves R, .1, and D are taken from Figure 28 in Reference 26. Tihese curves are ex-
perimental curves of the angular distribution of brightness extending radially from the limb
(edge) of the sun taken at ground level at Tiibingen (R), Davos (D), and Utrecht (J). The curves
have been normatized 0~ a solar disk brightness of 10' (log brightness - 6 oil the scale that has
been adopted for Figure 4.17). It will be noted that the brightness at OX3 from the edge of the
sol: r disk is of the order of 500 and that it decreases to about 10 at 7* from the nun's limb.
The detectors used In these measuremaents were sensitive to the blue-green region cf the
spectrum.

Superirrpose on these curves are thse tureoles observed from three different p6;:;tiraphs
of Shot Dakota tmrnediateiy after drton~tion. Cuirve 36242 (Red filter) is taken 16 maec site
time zero,, In order to make a comparison with the sun's aureole, this curve was normalized
to Curve D at a point Q.33@ from the limb off the lurninary. (With this normalizaition, tie bright-
ness across the fireball disk ie 3.2 x 108, as compared with 104 for the sun; the angle subtended
by t:1 e ireball hi 2.6", compared with the 0.5* stibtended by the sun.)

Curveg 36300 Red and 35i)23 Blue are derived fromx photographs of the dame "ent (Figures
4.14 a)(1 4,15). No particulax normalization point hav been chosen for these curves~. These

frnswere exp., ied nomtnally at Umie ma.~r, L *e., at a time that d'J not or-2eed 16 insec after
th tmer- ze ro.

Curves A and B are taken from Reference 27, 4 riese curves are experirnk ntaliy measured
auri oles about a spherically symnmetric array of pbl tof lash bulbs set off In lighl-. haze,. The
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angular subtense af the source ,*as at the orde.ý ot 1V to 2' of are,, ' he curves are~ uwnoi-inukized.
In addition, a curve of 1/(."ngle) 2 is ishown.

Theme several curves of Figure 4.17 are presented to reinforce the ponitio-a that the aureole
about the fireball Is primarily the rsioult of light scattering by tke haz~e in tcie atmosphere and
that water reflection is reiativeU, unimportarkt. Quaiitathvtoly, the sloper, J1 the Fuare.. art ;-r
tinent. to the discussion at thia dtge of understanding of thie phenoment..

A solar aureole is "extplained" by the highly directed scattering pattern of particlos of the
size of haze, Le., particles having diameters of the order of 1/2 W I n 1crort or largrir (Refer-
ornce 26). The predominance of forward scatter can be illustrated by considering the Mie theory
of scattering by spherical particles. Assuming a haxe particle to have an Index of refraction of
4/3 and a diArneter of 1 micron, the Mie theory indicates that the scatter ,ng at angles of 0% 10~',
30% and 60' n easured to the forward direction, Is tit the ratio of 1-,0.74:OLO4, <0.0)1. For a
2-micron particle, the forward directivity Is even more pronounced, batnV In the ratio* of
1:0.18-0.05: <VG.01. In general, when a qualitative model, km discussed, the significant part of
the scattering pattern io given by the Frainhofer diffraction pattern f rom an opaque circular
disk of the same cross-sectioned area as the haze particle. Sideward and bac~kward scatter.2,g
can be assumed to be small. Ita etiect Is to increase by a small amount the background bright-
ness. Wit this highly directed scattering pattern and O~e parallel rays from the sun incident
upon the hkze, it follows that the light scattered by the haze should rapidly diminish in intensity
as the angle from the direct solar rays Is increased. Single scattering dominates because of
the relatively long mean f ree path oi the photons in haze, and the observed large decrease in the
flux when scattered at large angles. 7These considerations lead to scattering patterns such as
Curves D, P., and J. 7The details of the curves such as brightness and the rolatively slight
changes in slope depend on the concentration And distribution of particle size in the haze.

Thes aureole about the fireball and other sources imbedded in the hazy atmosphere may be
described b~y Invoking the *an~ a argument, which is based on the directivity of the scattering
pattern. used to explain the solar af ,'eole. The fact that the rays going into the scattering vol-
ume from the fireball are mor, divergent than thosae from the sun (the sun is effectively a source
at Infinity) does not decrease the effectiveness of the model, because the directivity of the model
requires only that part of the atmosph'ýre between the fireball and detector to be the scattering
medium. The atmosphere tothe side -i~nd to the rear does not materially contribute to the bright-
neiis of the, aureole because of the strong forwa~rI directivity of the scattering pattern. Note
also that MtI 7krebail to about one scattering mean free path from the observer (Section 4.1.2),
a fact that ceu.).ributes to the validity of this sl%:le-forward-scattering (as opposed to multiple-
scattering, diffuwt:,on-thoory) picture.

However, as the~ s~r light Is backed by a, water surface Illuminated by the fireball, some of
the brightness of VE-* skureole may be due to this background, which has a small smearing effect.
This effect is not of iwiaýPr Importance In the formation of aureole and is estimaied to contribute
the order of 15 percent to the brightness (Beclion 4.5.3).

A further critical observation to support the theory of air scatterit.g Is shown In the case of
Shot Zuni (Figure 4.16). Hfere the otwervatlon angle to only 27* and the rear water surface is
about one fireball radius from the fireball edge. Even under this geometry, the shiape of the
scattering function In little different from that of the higher angle observations.

One additional observation may be Invoked to test the consistency of the theory thx air scatter
Is respov sible for the aureole's appearance. The observation is that the aureole is essentially
unpolariz -d (Section 4.5.4). An Inspection of ýgure 4.31 confirmst this. In this figure the 40
and 0 polar catlons are not -olncident in time . An interpolation must be made to determine ti, 9
;A and q poLarizati ons at the same Instant. Who-i this is don,, the total light is unpolarized.
7The lack of pol~rization is @%xpected when haze Is the scattering agent. The Mie theory predicts
no polarization of the scatteied light at 00i (unpolarized source assumed) awl no significant pola~r-
ization effect for small, ugle scatterirg.

In summary, the weig,..' of eviden e suggests that the aureole about the fireball in a result of
scattering by the haze In the atmosphere. Although there 7iay be small differences in the aure-
ole when observed through red, blue, or Polaroid filters, these dtfferenceR are small and
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difficult to detect because of the precision~ realuireec. A representative pkcture of the aur"eol
Is that It to white, unpolarized,, and Aiarses be' ausei of the div 'cttilty and the non-color -selec-
tivity of haze scattering.

4_4u5 Hydrodynamics�-Air Shocic and Shock Frott Ph'enomenon. In Figurpo 4.18 through
4.4are piot~ed the radii of tPte fireball, absorption aixv ~, and shock froth t-4 'unt (about 3,380

kt), Huron (about 250 kt) anc. Lacrosse (about 39.5 kt). These three detonations cover E. factor
of 100 in weapon y~eld. Complete data for Dakota will L !presented so arately, along with a
more thorough dii cussion of the features touched on in this section. Bi should be kept In minda
that the hyiý..idynarnic phenomena scale more slowly with device size than do the strictly ther-
mal one~s. No attempt was made to compare the horizontal and vertical six**, because of the
photogrammetric uncertainties; no gross differences between these radii1 appear on the photo-.
graphs.

The radii of thv fireball and absorption shell were mpasured visually, that is, thQy are th,
radii of the apparently bright cenitral hemisphere and the dark absorbing ring, respecLively.
In light of the known nonlinear behavior of photographic film, this io a rather ar'litrary proce-
dure. However, there are practical difficulties that make the densitometric measurement of
these radii time-consuming and not particularly accuri 'e. No attempt was made to use land-
marks as fiducial points; exrperience with Dakota showed that such cartographic calibrations
can be quite inaccurate, since landmarks corresponding to those seen on the photographs were
not clearly indicated on ava!"lo~l charts. Furthern. ore, Landmarks were missing on some of,
the series. Instead, the shock froth data was fitted to that of Reference 28, and th'e other hydro-
d) nainlc data fitted In turn to that. In addition, the data was adjusted for the motion of the air-
craft (the apparent sizes get smaller am the aircraft moves away from the detonation site).

Also showi. on the grapm~ is the thickness of the absorption shell. Since this is the difference
of two nearly equal radii, the smaller being the fwrzy fireball edge, only the general trend of
its time dependenec to signif icant. An inner at sorption shell radius is given for Zuni; this will
be discussed in Section 4.6.

F ireball1. The bright central fireball appears to grow quiZ, slowly after breakaway; this
is a well-known optical phenomenon and will not be treated hers. At times greater than about
3 tMAg.I it appears to decrease alightly in size a~id becomes very poorly defined.

A correction to the time time zero can be straightfor wardly made. From the data of Refer-
ence 28 the corrected time at which the Frame One fireball (then coincident with the sMock
front) has its measured size can be found. In at?, cases, this adjustment was found to fit smooth-
ly onto ths measurements for Fr tines 0, 2, and 3. All of the data has beea corrected by this
method.

A bsaor pt Io n Sh o I. This phenmomnon will be discussed in detail in Section 4.6. Note
that its radius f Its smoothly onto that of the fireball-shock front at times just after thermal
flux miniv im, whore the luminous fireball has a discontinuity In Its growth. This implies "ht
the absorption shell is intir-%tely connected with the early history of the expandin luminous
volume,

Air Shock and Shock Froth. The problem ofgrowth oftte shock wavehas boon
treated by several authors, and to date theory and experiment appear to be in good agreement.
Because of the paucity of good f idui at data, no attempt luts been made to compare the absolute
shock froth data to the predicted va.-99, except In the case cf Dakota (Section 4.5). However,
the shape and slope of t to radius-time curve is found to conform very closely to that predicted
In Reference 28.,

Trhe shock f roth appears to have an extremely high albedo, and at late 5 5tm=, f rames
about half of the thermal flux comes from it and the air between It and the chmera Fens. The
flux from the outside edge of the shock frt-h to always two to four times brighter than that from
the neighboring unxhocked water. This figure in smeared by the air light. Further details of
the scattering properties of the shock f r( h, including the ratio (shock froth Fl~bedlo)/(unshocked
water albedo), will be presented in Section 4.5.
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The shock wave, as it heats the air, e.vaporates the lo'aL clouds, this has the effect of ,.
inr; cloud albedo, or, in certain cased, increasing the tdirect flux Irom the fireball. A dict ,

of one uase uof cud disprsal is given In -0 (:-t iu, 49.01

The air shock itself is visible on sorno of ihe Red films at times near thermal flux maxi !
(Dakota 36236 and 36300, among others). This in presumably not self-luminescence. I f
the shock would be brightest right after breakaway, when its amplitude is highept. Furth&.:
the expected temperature of the shocked air near thermal maximum is too low for se ' ?.m ,%v eý w,
cence (Referenet 29). Rather, the brightness pattern ts consistent with scattering f.rW•,

denser air, which extends about a tenth of the shock radius behind the shock front. • ... -
quantitative data on this contribution to the thermal flux will be given in Section 4.5.

However, in the Blue this air shock is definitely absorbing, obacurinw the reglort, b,.hlnd it;
this behavior is evid rit on all Blue photographs, In striking contrast to what is obsfierd in the
Red. Specific examples of this effect are shown in the photographs reproduced in the Appendix.

The quantitative effect of this absorption on the thermal flux is not easy to evaluate. The region
behind the fireball is, effectively, obscu.'ed; some of the Iig it from the shock froth is absorb&.;
and the fireball itself in darkened.

This absorption by the air shock probably accounts for the structure in the brightness of the

Blue sho-* froth. The froth is bright on the inside and outside edges, with a minimum between;
the illumination by the fireball falls off with distance, while the absorption of the scattered light
increases with the thickness of the shocked air traversed. The Abod shows no minimum in the
shock froth, and tWe Polaroid show* a small, but definitely detectable minimum. This absorp-
tion may cause some of the limb darkening of the Blue fireball discussed in Section 4.6 and so
interfere with the analysis of the absorption shell (not to be confused with the absorption of the

shocked air).
It is tempting to explain thIs Blue-Red difference by postulating that a small amount of NO?

is present in thr shock-heated air. The absorption c,)efficient of NO2 is some 500 times as high
In the Blue as in the Red, so the Red light will not be measurably attenuated by the shock-heated

air. An alternative explanation, that multiple Rayleigh scattering makes the region dark ia the

Blue--the Blue Rayleigh scattering cross section some sixteen times the Red cross section-
ts also not implausible. (It will be recalled that the sky around a red setting sun it red also.)
The argument that the shocked air is warm enough to radiate only in the Red in not borne out by
the above-mentioned properties of the Red scattering. Unfortunately, the Polaroid data (Section

4.5.4) does not permit accurate analysis f the light from this region to help further in resolving
the scattering-absorption question. Furthermore, it is difficult to arrive at a figure for the
fractional absorption of the shocked air, is ne convenient viewing screen in available. Also the

data are beclouded by the contribution of the scattering from the unshocked air, and in any case

the Blue film densities, in the region above the fireball are always close to the fog background.
A very crude estihmate is 50 po.rcent transmission for Dakota (1.1 Mt) at thermal maximum,

whc.e the air shock is 2,000 feet thick. (This would correspond to an NO 2 pressure of 5•x 10-4
mm Hg, or one molecule in 104.) This ti an extremely rough figure, and the shocked-air ab-

sorption of the Blue light may be a relatively important factor in the thermal pulse from a nu-

clear detonation For further discussion, see Section 4.6.
F irebaIll Radtus and Yield. In Figure 4.21 is hown the radius of the mature fire-

ball as a function of the bomb yield. Characteristically, the bright central fireball, meuaured
as described in the preceding section, grows slowly near and after second thermal maximum,
its r'|dius reaching a very flat maximum near 2 tmaxII (note again that thermal and hydrodynamic

phenomena scale differently: the maximum radius comes somewhat later for the smaller weapons
in the series) after which it appears to decrease slowly. See Figures 4.18 through 4.20. The

datum for Dakota lo the average of the si.veral sets of measurements shown in Sect on 4.5; twu
points corresponding to two series, are shown for Huron and Zuni; and the other maximum radii

are the results of measurements on a single series of photographs of the detonation. T'ie radii
are all normalized to the shock froth radii, as described in the last section,

In light of the arbiirariness of this fireball radius measurement procedure (which is evidenced

by the spread of the Huron and Zuni joints, as well as that of the lPAkota points, Figure 4.23) no
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leart squares fit to the data was attemptd. Two straight lines have teen drawn thr( gh the
Dakota point, one having slope 1/ (Reference 1) and the other, which nhakes a rather better 2It,
having slope 0.258. All pointi, lie within 12 percent of these lines. The tower .thots fit about
as well as the ground and water shots. The coefficlent of the (yield) 1/3 law is about 20 percent
higher than that giv,!n for yields up to 500 kt in Reference 1: that is to say, the iuminious 0n the
sense of the film blackening; note again the reservatiormw of the last section) a ea of the fireball
is some 40 percent larger.

In summation, the mnaximum radii of the fireballs of the 10 devonations ranging kn yield from
15 to 5,000 kt can be lit to a power-law dependence on yield, wi;h a relative average deviation
of about 5 percent

Asymmetry. A discussion of the asymmetry of the smaller fiteballs, as well as a more
detailed discussion of the asymmetry of Dakota, Is given in Section 4.5.5.

4.5 ANALYSIS OF SHOT DAKOTA

Since the photography of Dakota was the most successful, this detonation was chosen for de-
tailed analysis. Such a study 'an also serve as a check on the internal consistency of the dCta
and the reduction methods. In all, 13 series of photographs, taken from four aircraft, wre
readily analyzable. There are aeveral good matched pairs. Selected frames from• these reels
are shown in the Appendix. Dakota is an "average" water shot: it Is reasonably synimetric
(but see Section 4.5.5), shows all the features discussed In Section 4.4, and has a normal com-
plement of cumulus clouds. Atmospheric data are given in Tables 4.2 and 4.3. The l.cations
of surface zero, the islands, and the aircraft are shown in Figure 4.22.

4.5.1 Hydrodynamics. The time dependence of the radii of the fireball, absorption shell,
and shock froth, as well as the shell thickness, are shown in Figures 4.23 through 4.25. The
film measurements, and the reservations pertaining to them, are descril.ed in Section 4.4.5.
However, these radii have all been measured absolutely, In that the horizontal distanres from
surface zero to features on the islands Easy and Dog have been used as fiducials. Alterrintively,
the time for the shock froth to reach an island point a known distance away, was used for cali-
bration; this enabled more clearly indicated points at all orientations to be used. All of the data
has been corrected for motion of the aircraft but not for the Frame Zero shift.

The internal consistency of the data is seen to be very good. Deviations at early timbs mr-k

due to the failure of Frame Zero to coincide with time zero; note that on a logapithmic scale
this effoct makes points very far separated at early times. These early fireball po.t- (figure
4.23) lie to the left of the Haskell (Reference 28) line, as expected. The difference,% trong the
several series are most likely caused by crrors in the measurement of the distancea to th.
fiducial islard puents. This is borne out by the observation that the coincidence between camera
Red-Blue pairs is better than that between the three sets of pairs. Furthermore, the order of
sizes is the same on each of the three graphs. Since the shock froth should have the same ra-
dius to observers at all angles, this last indicates that the radius of fireoall and absorption shell
does not vary appreciably with observation angle.

There is no significant difference between Red, nd Blue absorption shell radii; nor between
Red and Blue fireball radii, except at times between thei mal minimum and maximim. During
this time, the isothermal sphere becomes less and less obscured; the Red fireball appears ap-
preciably larger than the Blue, which hs.s a sharp discontinuity in size. This behavior is, at,
stated above, to be expected. The scatter of the fireball data is greater than that of the absorp.-
tion shell radius; this also Is expected since the absorption shell is relatively sharp edged.

The check with the shock radius theory (Reterence 28) is seen to be very good. This lendn
credence to the procedure of Section 4.4.5, kn which shock radki were used as calibration points
for the radii of the other features of the other detonations. The radii of Dakota are seen to hat e
the same general properties as those of Shots Lacrosse, Huron, and Zuni.

The internal consistency of these measurements indicates that the timing of the six cameras
was sens'bly the same and sugeet, that it is reasonably safe t; assurte that the GSAP camerms
may be used as clocks for the detonations.
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4.5.2 Partition 9f Lght;_RelativeAibedo Contribution. In this section are determined the
fractions f h iiFiuC omin directly from the fireball, and as aibedo contribution
from the shoo&~ fz~ath, irdands, clouds, and unshocked water; and the variation with tinvi of
theme frActions.

Op~ic-- -, ethod if Mea'u rement . Phototraphs in Series 3,3233 and 38236, a Bilue-
Rted pair, were wialyzed. In addition, two telephoto frames (at second thermal flux mazil AuW)

fm-irn the Olue-Red paired aerie* 36299 and 36.J00 were compared. The firebAll is very well
ceratereO% JA theme photographs. Ilie rejults are, of course, valid onlyr for the iiarticular ob-
iservation angles. The optical parameters of the two nets of lenses and the aircraft ranges a. J
attitudes ý,.re given In Table 4.14. Note that the fields of view are considerably smaller than
ihose noetw~lly associated with . idiometers and calorimeters. In consequence the relative and
abqolL.e contributions of the albedo will be underestimated, perhaps severely. Furthermore,
thae c me ra and f Ilm system ini L 1, for the usual photographic reasons, be regarded as a re-
ceptv.r whose mensitiv' y varies as coo' 8, where 0 is the angle between the Incoming ray and
Ci&e optic axis. EGW. have stated that vignetting and aberratlanie are small for the small en-
trance pupils used. (C05'Oextreme is shown in Table 4.14). This falloff has the effect of re-
ducing slightly the apparent albedo contribution, but sInce the effect is small no correction has
been made. The scattering of light out of the longer paths to off -axial points is another factor
in lowering apparent surface ori~ghtnesses. However, points on the fireball are always within
10* (- arc coas 0.94). Note also the caveat of Section 2.8.3, which tends to make the albeo&
somewhat high.

The optical densittes of the film, measured along several scan lines, were copied onto an
enlargement of the frame. h len the brightnesses, as taken from the H and D curves, were
copied onto another enlargement. An example of such a b~rightness plot is given in Figure 4.26.
It was found impractical to attempt to trace isophot lines; this would have required an Inordinate
number of points, of considerably higher accuracy than those that could be actually measured.
Instead, areas of essentially constant brightness were blocked out by tracing over the photo-
graphs with thin c ross -section paper. The total light flux appearing to emanate from fireball,
shock froth, unshocked water, and clouds was computed by counting the namber of squares in-
side each constant -brightness area, multiplying by this brightness, and adding. This procedure
is necessarily subjective, especially In assignment of brightneeses to the rapidly varying clouds.
The measurements were made by one observer, even though considerable labor was needed to
analyze a single frame. R io estimated that the results are accurate only to about 20 percent.

The thermal contributions from the various elements have not been corrected for background
air-scattered light. Consequently for shock froth, read shock froth plus air-light, and so forth.
There seems to be no way of making this correction wLthout seriously prejudic ng the results;
In one case, however, an attempt In this direction has been made. The data Is also uncorrected
for the loss of apparent brightness of off-axial points, described above.

Series 36236 and 36233 were chosen because they are exposemd to relatively highl density,
which affords the wide latitudes needed to got accurate results on the low-brightness albedo
points. Sven so, the Blue is so dim that only a few scans near thermal flux maximum are use-
able. The Red is so bright as to have a lens flare near the center and a bright rim around the
edge of frames near thermal maximuum. t iortunaM*ly, 36236 has large variations in the shutter
opening time (Section 4.5.3), and so f rame-to-f rame coiqwrisons cannot be made with complete
pafet.

Note also that the angle of observation (as measured to surface zero) decreases from 68.7"
to 58.5" from From. 15 to Frame 375 of 36236 and 36233. It should again be stressed that the
results presented In the next section are applicable only to this rang of angles; that estimates
of contributions cf nonparaxial flux will be too low; that air-scattered light is smearoyd over the
results; and that this rme"o of analysis of the microdenuitometer data it necessarily somewhat
arbitrary and inexact.

R esaulItsa. The results fstr the two sets of series are shown in Tables 4.15 to 4. 18; some of
the values from Table 4.15 giving the thermal flux partition, are plotted in Figure 4.27. Al-
though the h .-mation is, as noted above, not particuL rly accurate, f t serves to Illustrate, in
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a s.miquantitative way, a large number of features of the thermal pulse.
ParItion of Thermal Flux. The series 36236 (Red) was analyzed from Frame 15

(Y4 ttmuil) to Frame 375 (6 tmax). This spans the thermal puic, frem a time at which less than
1 nercent of the integrated flux has been emitted to where more than 90 Der(cent has alreadv
eScapod. Over this time the fraction of the flux coming directly from the fireball to the obser-
vation point decreases monotonically from 00 percent to 50 percent, even though the fireball is
gjrwing by about a factor 7 in area. The reoan for thts decrease is the increased importance
of the albedo of the shock froth, from which appears to emanate over 40 percent of the Red ra-

diation in the late frames. Meanwhile the fraction of the light appearing to come from the water
surface (mostly air-scattering; see above discussions) decreases markedly, which is hardly
surprisaig in that in late frames very little unshocked water appears in the narrow field of view
of the photograpi. A normal complement of trade wind cumulus clouds are in the field of view;
the closest, most important of these Is evaporated between Frames 65 and 150, lowering the

cloud albedo markedly. The cloud contribution is seen to increase again as the Wilson cloud in
formed (between 4 and 6 seconds).

Clearly the flreball proper and developing shock froth domin te the thermal flux (-Vithin the
stringent conditions mentioned above) for a flat detector pointed at surface zero. It would be

desirable to estimate the air-light contribution to the flux appearing to come from the shock
froth. Note that the ratio of apparent brightness just inside the shock froth to that just outside
does not vary with size of the shock froth, and has an average . Alue of 3.3 (D/E and G/H in
Table 4.17). This would indicate that the fraction of air-light in the shock-froth albedo Is con-
stant at all distances from the fireball. If it is assumed that 85 percent (a reasonable figure,
but see below) of tie flux appearing to come from the unshocked water is In reality air-light,
then 26 percent (- 1.00 - (3.3 - 0.85)/3.3) of the light appearing to come from the shock froth to
air-scattered light. The raw data has been corrected under this assumption and is shown as
dashed lines in the graph of Figure 4.27. The fraction of air-scattered light is seen to decrease
linearly with time on this semilogarithmic plot, and the relative shock froth contribution in-

creases less rapidly than when uncorrected but still fast enough to drive the fractional air con-
tribution down. The unaho•ked water-light, 15 percent of the uncorrected air-light, has been
su~tracted from the corrected air-light but is itself not shown In the figure.

Considering the total illuminadion, it should be noted that the high-albedo, growing shock
froth should make for an increase in the thermal flux; the shock wave is conditioning the water
surface, so to speak, for Increased albedo. However, because of the serious frame-to-frame
bi L- htness fluctuations, the total absolute shock froth contributions cannot be safely evaluated.

Note, for example, that the total flux from Frame 45 Is higher than that at maximum, in Frame
65. (This correlates with the results of Figure 4.29.) Note also that the evaporation of the
nearby cloud reduces the cloud albedo from 10,000 to 2,000 units from Frame 65 to Frame 150,

while the fireball itself i going from 43,000 to 16,000 units. For the typical atmospheric condi-
tioni o Dakota, the loss In cloud albedo componsates in part for the growth of the shock froth

(this is, of course, a fortuitous situation; shock-.Induced evaporation of a cloud on a line between
the fireball a d observer would Increase 3 e flux).

The Blue 36233 series is so widerexposed that the percentage flux assignments In Table 4.15
should probably not be takken too seriously. For example, most of the flux from the air is un-
detectable, the Illumination being down in the film background fog.

The 36300 Red- 36299 Blue pair of photographs show a smaller field of view than the 36236-
36233 series, and consequently the fireball appears to give a rather larger fractional contribu-
tion (Table 4.16) to the thermal flux. Since the angle of view is lower, the rear of the shock
froth Io obscured by the fireball and the slhck froth contribution is lowered.

Be'ghtness Ratios. The brightness at various points on the photographs and the corre-
sponding fractions of maximum brightness, are shown in Tables 4.17 and 4.18 (it should be re-
membered that air-light is smeared over these brightnesses). The plume, as expected, gets
more opaque with time; the cloud and Island illuminations seem to vary with the fireball bright-
nees (Section 4.5.3). Note that some points on the nearby right-hand cloud in 3t 2365 are some
35 percent as brighM as the brightest points on the fireball. These results, and thoue in the
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other two tables as well, shiow the ap ~arent Blue albedo to be consistently lower than the Red,
The lose of apparent Blue albedo f romu the shock froth Is consistent with the Blue absorption of
the shocC~ed air. The low cloud, air, and Island albedom are probably explained by the observa-
tions that the total fireball brightness is lower Ir. the Blue; and that the Integratood flux lighting
fhe albmedu Area Must pass through longer, slant paths In the shocked air and io more attenuated
than the direct beam frorn the fireball to the camnera.

The shock froth, at its edge, appears to be, about three times at, bright as the un*shocked
water in the Red and twice as bright in the Blue. This ;iolds over ,large range of shock radii.
and varies little with the angle of ob ýervation; note the data for the sides and rear. A~stume
that the fraction of the apparent light that is true albe&o of the unshocked wpter is - . Then
I - c is air-scatts'red light; the ratio i? of the albedo of the shocked water to the unshocked
water, in given t";

31= (1i) (Red) (4,18)

(Blue), (.9

or, in general

17 + (4.20)

Where apparent brightness ratio.
The ratio n In given as a function of c for various t "a Table 4.19. The experimental varia-

tions In t, coupled with the un'-'rttinty ul t th tack of specific data on the albedo of shocked
and unshocked water makes assignment of correct aiberia ratiom (or, conversely of accurate f'a)
extremely uncertain. How.'ver, certain comments an a discussion of some of the albedo data
found In the literature are In order. The shock ýroth is a water spray containing large droplets,
hence is white; its albedo must lie near that of dense cloud# or freshly falL~n snow, 0.8 (Refer-
ence 30), since it Is undoubtedly optically thick. The specular reflectance of water has been
found to follow the Fresnel formula up to wind speeds of 9 knots (Reference 31); this form..ila
predicts a reflectance of 0.03 at 45* from the normal, a typical angle of incidence for the light
from surface detonations. A LAmbert-type albedo, which to the phenomenon of Interest In
these experiments, has ?hien measured (Reference 25) by pointing a spectrograph at a water
surface a" at an Incidence angle of 45', at 906 azimuth from the sun; the results were compared
with those front a standa~rd magnesium oxiderwder surface. Albedos ranged frona 0.15 at
4,000 A monotonically down to 0.01 at 8,000 (this correlates with the blue-green color of water
surfaces). While these values do not accu~rately fit the field situation, they indicate that for the

Etic m 0.20. For the Red, rmay well be lower; the higher measured values of j for Red
system~s are consistent with the low unshocked water albedos of Reference 25, In general, a
value of t - 0.15 has been adopted for use In other sections of this report.

The brightness at the Inner edge of the shock froth is compared with that at Its neighboring
point just withIn the absorption shell in Table 4.18. There is considerable scatter of points
here; clearcut Rod -Blue differences, if any, are not resolved. Presumably, the view is through
the absorbing shell at the shock froth In theme photographs; the data Zives some idea of the trans-
mission of the abosorption shell. The smearing effect of the air-light helps mask any Rod-Blue
differences. Itoe absorptloiA shell will be treated in more detail In Section 4-(;.

Oth er Co nt our Ing Fec~tu re a The Blue fireball sarfaces appear to be rpwnumly
lumpy, especially In frames befor"' second thermal maximum. This shows, qualitatively, in
the Dakota photographs. The brightniess of these excursions Is often half as gteat as that of
neighboring points. The Rod micr(A6nsitometer traces do not show these oscillations. In addi-
tion, the mature Blue fireball shows limb darkening, being dimmer i t its edges than at the cen-

'I ter; the I ted shows far less 1imb darkenlitg. A measure of this Is the ratio B/A of Table 4.10,
$ an effective fireball area which for the Red is 3 to 4 times as high as the Blue. This point wrill

be liacussed in the next Lqection.
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In Frame 65 of Red Series 36236, the air shock is clearly visible against air and unshocked
water and at its edge in :0 to 15 percent brtghter than the neighb ring air. The contribution to
the total thermal flux, however, of the lignt scattered from the air shock, is weil lesG than 1
Percent. Note that this mantle (Sectk.-n 4.6.4) should out-scatter some of tLe light coming di-
-ectly froir, the , 411 dit! ansurptiun sieeil; ihis effect appears to be quite small -Oso,.

4.5.3 Time Variation of Fireball Brightness. The fireball luminous surface is the ultimate
sR.urceiof all the rheri.-T-fux, inch ling the large alldo contribution discussed in Section 4.5.2.
Consequently, the fireball output is a reasonably gtoo measure of the time vpuriation of the ther-.
mal pulse amplitude. The br!ghtness varies only relatively ilowly over the fireball surfa;.e
(Section 4.6.4). espectally in the Red, and the fireball area grows slowly also; therefore., the
maxivium- brightness found on the several microdensitometer traces may be used as an indicator
of this time variation. It should be emphasized, however, that this procelure gives a less than
perfect measurement of the true total thermal flux time variation, and the data should be taken
as secondary to the radiometer and calorimeter data. However, the results are of some Interest
from the point of view of fireball physics.

Such maximum brightnesses for Dakota are shown in Figure 4.28. These are the m. •d•a of
the smoothed traces; the erratic hot spots are excluded. The times have been correct J for
zero-shilt. It should be noted that differences in filter and film system bandwidths, atid aircraft
slant ranges, make intercomparison of the absolute values of points on these several curves
diffi,.ult.

Ti me to Mini 'n u 'h. "ere is evidence that the uinimum in the Red comes earlier than
in the Polaroid (which has a elength-sensitivity as shown in Figure 2.2). This is borne out
by the data from the two Polaroids and three Red series. Note that the Polaroids, which are
paired, check quite well with one another, vi expected. (The light from fireball surface is not
expected to be polarized.) This time difference ts of the order of 1/10 the (average) time to
minimum. Unfortunately none of the Blue photographs re. olve the fireball from the background
film fog for about 10 frames near the minimum, and an interpolation of the data in this region
i- very uncertain (as the graph shows). Consequently, a narrow-band comparison is not poesible,
and the Red can only be compared to the wide-band (4,000 to 7,000 A) Polaroid. The direction of
the effect is in the same direction as that observed with spectrometers (Reference 32) and is to
be expected on theoretical grounds (Reference 33).

Time to Second Maximum. The scaling laws kredict a brightness maximum at a
time very close to 1.0 second. This also appears to be the time at which a broad maximum in
the maximum brigi tness of the fireball is observed. The fireball grows very slowly near
tmaxil, so this effect is expected. The measurements do tuxt resolve any differences in the
maximum-brightness time among the Red, Blue, and Polaroid photographs. Note the severe
fluctuatione in the 36236 data; this phe-nomenon in thought to be due to variations in the shutter
opening time, and is discussod later.

Maximum-Minimum Ratlos. The ratio of the brightness at second thermal flux max-
imum to the brightness at minimum, appears to increase with decreasing wavelength. For the
three Red series shown, this ratio lies between ý, and 20; for the Polaroida, Ut is 650; and for
the two Blue series an interpo.ation shows it to be of the order of 2,000. (It should be noted in
passing that the fireball surface area goes up hy about a factor 2.4 in that time, so the total
thermal flux ratios will be still larger.)

Curve Shape Comparisons. Tho shape of the tailoff after maximum is closely the
same in the Red and Blue photographs (this effect Alhows more clearly in a semilogarithmic plot)
but the Polaroids have an apparently steeper falloff.

After minimum, the rate of climb oi the brightness curve for the Red fireball is slower than
that of the Blue; the Polaroid is intermediate. This is, of course, connected with tho lower In-
tensity of the Polaroid and Blue fireball. The effect of the faster rise and similar falloff, is t
make the Blue maximum-pulse narrower than the led; this holds for the PoLaroid also.

The maximum brightness at first maximum in the Blue is very low compared to that in the
Red and Polaroid. For t- se latter the fireball brightnei-, then is as high as, or higher than,
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the maximum brightness at s'ecor, d maximum~; for the Blue wavelength band thiis brightness 1s
only about one thousandth as great. This behavior is observed In all the Blue photographs arid
is not due to the true first maximum being nia ~sed. The early brightness is seen to extend be-
low the 6,800 A cutoff of the Red and into the Polt~roid sensitivity, which ends at about 7,000 A,,
but it does not reach as far as the Blue ('-4,500 A). Consequently, it appears that th•~ viewer
sees a relatively cool surlace.

Another feature of sonde interest here is the (logarithmic) rate of change of brightness in
these very early times; this is greater fo•' the Blues and Polaroids than it is for the rled. For
example, both Reds lose in brightness by onl•€ a factor of 1.2 in the 1/64-second time •nterva1

centered at about 0.01 sec, while the Blue and Polaroid are changing by about a factor 2.
Cloud Brightness; Shutter Opering Variations. The albedo brightness of a

point on a cloud several tireball radii from surface zero should also be a measure of the inte-
grated fireball brightness. The V-shaped cloud to the upper rig~ht in Series 36236 was scanned
along a horizontal line intercepting the second little spur from the bottom on its left side, which
appears as 39.0 In Frame 0 (Section 4.5.4). The brightest cloud point in this viclinty.,-at 6.3,
39.0 In Frame 0-- was found, and its bright,,.•ss plotted as a function of frame number (Figure
4.29), Also sh wn is the water-background point along this line, taken Just before the slit starts
to pass over the cloudl. Repeated vertical positioning of the slit showed the individual readings
to be reproducible to better than 5 percent.

The readings show severe uncorrelated frame-to-frame fluctuations, neighboring points
differing by as much as a factor of 2. There is some indication that these start at about Frame
15, but since only 1 percent of the total thermal flux has been emitt~d by that time, it is doubt-
ful that the cause of the fluctuations could be. thermal damage. Note that high cloud brightness
is always correlated with high water backg[round brightness. Presumably this overall frame
brightness variaLtion is due to variations in the (nominally 1 maec) opening time of the camera
•mutter. While it is believed that the camera used in Series 36236 gives extraordinarily bad
results, it appears from a closer examination of Figure 4.28 that this failure is endemic to
G8AP-type cameras. Consequently, caution must be exercised in making comparisons of
brightness among frames.

Over and above these fluctuations, Figure 4.29 has the general shape of a thermal-irradiance
curve. Such a curve frDakota, taken from the B-57 with 90°-fI.'ld-of-view calorimeters for a
passband 7,000 to 9,000 A (that is, virtually the same as the Red response) is also shown in the
figure; the fit is seen to be rather good. (The radiometer ctirve is arbitrarily normalized at
its rnaxtmur• point. ) However, the cloud brightnesss.. at th'e two thermal maxima do not mirror
the sltuatior. in Figure 4.28, which shows the fireball to have essentially the same brightness at
the two ma.xnma. This effect is probably caused by the increase in fireball area, which grows
by about a factor 7 in this time; and by the lessening of the distance from the fireball surface to
the cloud. The projected distance to the cloud from the fi reball edge decreases from about 4 to
1.5 fireball radii during this time (densitometer traces show the fireball to be only half its ap-
imrent size in the necessarily poor reproduction of Frame 0). The actual distance to the cloud
is somewhat clo-•r than this projected distance; the air shock has already reached it by Frame
150, while the shock froth has not.

Also shown in Figure 4.29, is the maximum-brightness curve for 36300, replotted from Fig-
ure 4.28 and normalized to the radiometer curve at thermal maximum. The maximum-bright-
ness curve lies above the radiometer curve, bot"- before and after ruaximnum; this may be lartly
csue to the normalization procedure (note the sca..er of the points n .•r maximum). This effect
is rather difficult to correlate with th, other observations of this atudy-

It may be concluded that the results of this minimum-brightness approach, both for the fire-
ball and the albedo of nearby objects, must be inter oreted with considerable caution; results as
described in this section are only indicative QI the total thermal flux pattern°

4.5.4 Comparison of PolaroidPictures of Shot Dakota. Series 36249 and 36250 are compie-
mentary P-•t'oit telephoto photographs, taken on Mtcrofile film. They are shown in the

Apperdix. These series will be referred to as 6 (horizontal polarization) and •b, respectively.
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The B-47 is at 20, 6 80-fout slanit r~age, 50.7' aldtitude aind 1 2Vd azintuth Ait timet Z;1,ýo; by frame
65 (1 second) Its slant range has increased to 21,000 feet, angle 49.51. A con ede'ipti-te

of the photogrammetcy Is given in Table 3.7,
Completet fireball diameter niea,,urernents on the first 10 fraames indlcatt. that time zert, foc

0) is 0.008 i~ecofld before Fram,. ro; for .,p it is 0.302 secoad. This rnwkivs for an tinpottant
ference in early (.Frame 81 ýkogruivph but. only a negligible difference in latet, onies. rhe~
photographs show the whole fireball up to about Ftrme 8~ but only about two-tlivtis 4if it, ~,i Ihm.
average, thereafter; no island fiducial marks appear; there is a sinall cloud at the left (it the
fireball appearing at a projected distance of about 3,500 feet from surface zero, and a rather
large cloud SY-steml Appearing under and to the lower right of the fireball in the photographs, alsti
at about 3,500 feet front surface zero. Unfortuniately, the cameras sultrer somewhat from the
drawback of variable shutter speeds (Section 4.5.3). This effect is apparent iu Figure 4.28; it. is
evidenced by the greater fireball brightness shown there (the light from the fireball is not ex-
pected to be polarized).

The following pairs of photographs were evmipared:
A. Frames 0, 0 and 4)
B. Horizontal scans only, through fireball center, on Frames 1, 2. 3, 4, 1) and (b
C. Frames 7, 0 and 4)
D. Frames 9, 0 and (p
E. Frames 24, 04 and 4). These were rejected out of hand becaiise the shutter opening varia-

tion "was too great; pointsi on (P wvere all about 50 percint higher than corresponding pJyint on 0,
F. Frames 64, (6 a ?d ip
G. Frames 34 and 44, 0 and 39, (A. These too were rejected for brightness -diff erenice reasons.
Res Lts of F ra me Co mpar Isonsa. F rame s Ze ro. As expected, since 0 Is

0.006 second younger than 0, corresponding points on the photographs are conctiderably brighter
except in the irnmedl~e neighborhood of the smaller fireball. This makes absolute comparison
of the scattering and reflection rather difficult. The angular distributions of tae air plus water
albedos are sho:wn in Figure 4.30. Note that for both polarizations the brightnesses to the right
and left of the fireball correspond closely to those in front, This effect is observed in the Red
and Blue series also, and suggests that scattering fromn the water surface . at least at these
angles, is small compared to air scattering: there is no special forward scattering (from a
water surface). The few points behind Cie bright 'temisphere show a somewhat more complicated
behavior. The vertically polarized light appears to fall off more steeply than the horizontally
polarized; the slopes on the loglog plot being - 1.7 and - 1.1. This somewhat unexpected behavior
of the albedo light Lis explained by the observations on inut ceeding f rames.

F ramrte s 1, 2, 3,ý 4.- The brightr-4ses as A function of angle from fireball edge, meas-
ured on a horizontal s,.-Pn to the right and through the center of the fireball are shown In Figure
4.31. The shutters appear to be quite wel. i'ehaved, but the differences lit time zero again make
absolute intercomparison imnpossible. 'rho blooes of such loglog plots appear to decrease as the
fireball gels larger and less bright; larger luminaries result in flatter aureoles. This is plaus-
ible from a. supe rposition-of -point -sources vieiwpoint. This same behavior is observed in the
Red photographs of Zuni (Figure 4.16); however, there is some Indication of ateeper slopes for

4.Note that even at three or four fireball diameters, where thu. fireball should appear as a
reasonable point source, the slopes in Fr'ites .-lero and 1 do not coincide. (This nonlinearity
suggests an admixture of scatteriq.ý, from the water surface for Zhe taller fireball.)

Graphs of brightness of poiw~s as measured from the fireball center are steeper near the
fireball edge; the slopes of the curves comparable to those in Figure 4.31 aie about 3.

F ra merP 7 . These photographs are somewhat past thermal minimum. The radius of 0~ is
by now only "oout 2 percent greater than that of 40, and Its peak brightness appears 50 percent
higher. However, the older 0 shows more limb darkening (thal Is, the microdensitometer
trace across the fireball cente is more bowed; (see Section 4.6) and at abotut two thirds fireball
radius from the center of the two fireball surfaces Naave equal brightness. This is ati intrinsic
property of the firebali and its surrounding iibsosloii medium which does not appear to be polai -

lzation-dependent (set below).
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F ra ni 9, A gu~io Intervouparis n is d'~eherý. o,,rizontzl traces through Vie P~re-
ball venter are by now Identical, wthiv aii experli 2ntai erzor of about 0,0.4 deasity unit, Thi

u*kbrigbtesnes, iihapp of curve i(Vi n,,,asure of limb absvrptk)Io and, water, albedo dust. it the
41- ~sldec-, are the ý"m~e, A. vertical ivace Pnrough ihe fireball centc'r Wiows that tlrý light _,,cattered

fromI tth"' ve~ 4,4 r i yi!] irunt of the shckfl)I Ototi i - aixout W0 percent wvore tnt' 1ne for fl than fp;
the Intensity Is not. great enough to W,ýrmit v. proper s,'Attering Ninction to oe xiw~sured. The

brghter 0) 1v cornsw~iant with greater w? -Ater scattering or aiir, scattering,, The shock fro)th has
rirt yet JP'lf.Aoped s ificlient)l to be useful ior scatte ring rneasre~ments.

F rarw(.ýs 24 . Sinc~e the shutter time variation here makes points an 1) all X-out 50 p rt.ent
brighter than c':)rresjx~ndirlg points on (4, these photographs were not analyzed..I rraxmi).s 64 ;The rmal Maxin-'u m. The firrball is mature, and the differences In
brues ;-,.ro should have a negligible effect. The maximunm brightnesses in the fireball here are

aixiiat A) is) 15 percerit higher for (P; this holckz 'or five separate pairs of iaeans over the now-
l,,Arge fire.W,. However, in spite of this difference in firel-ill center brightnkess, fi is generally
20 to 10 pivro~ent. bý Ighter tna-,n 4) on scatkering su-rfaces: 1this obialms for wnter and shock froth
sorfacvs to the right and left of the fireball, as well as those in front of the f ireball. In other
words, iW each of the sans the optical densily of 4, photographs lis larger at corresponding
xploins in the fireball, croases the trzce of R somewhere ir, 'he absorption shell, znd then is

C11,11 thet 10-Opticai 'epasity outside -f the self-himitnovs area. This indicates that the0
itr'is of ti~e order of 3" percent gro.ý 'r thani the cp albedo, in all directlon-..

F i ame o 3 9 anad 4 4 0 a n ý 3 9 et,. Agaiki, no comparison was possible.
Vlar. iei0 to vio eA t he 6;.oc k F rot h, A series of density wid, brightness measurements

was ;,1'ai. e at aOlace ut polins on the shock froth boundary, one point lying 'within the shock froth
aaid the other just outside. rhis was done c- 9 Framnes 10, 25, ?5, 45, and 65, and 0 Fr.-ýmess
10, 17, 25, 40, and 65. The brightness Jub, ýnside Is two tc four times as great as the outside
brightaiess. as Is oiieserved with the Rad a I Blue photcgraphs (Section 4.5.2). Also measured
was thu brightness of the shock froth, on its innide (firebail) edge. In these measurements, no
differeyt e between the scattering patterns of o~ and 0 was resolvable. As was pointed out above,
die dllterences tn shutter thnes makes absolute o, l-parisons difficult; the evidence of Franmes
64, however. suggests that t9-albedo, uncorrect% r air-light, is lrý general some 30 percent
higher than 0-albedo.

The shock froth brightness d~ecreases f rom the f ront of th,, fireball around to the sides. Thre
brihtriess at the aides )f the Phoctc troth is only 60 percent as high ;as at the front. Thq shock
ring apmsars symmetric %Ixout. a ceihcer line, as expected. The decrease may be due to toe ab-
surptio,ý of light by the shocked Oir (Section 43.5); the polarized light from the shock froth shows
the characteristkc mlinimuw; (sag) shown rnore strikingly in ihe Blue photographs. This lends

ci:4&dvnct' to the argument given irt Stvction 4.4.5 that thfe &"hor'l'd air is absorbing because o! NO 2
absorption: the sag in the shock I ral'i Is less in ihe Polarot~.. - veiengths as expected, but none-
thelesm it is dot initel'? detectable.

Sa .i an a r y . In general, the overall thermal flux is not i~trorqlly po 1tr iza tiort-dependen~t
Tlik Wý-albedci appeai s in Frames 64 to be some, 30 percent higher thanl the O-albedo; there is
evriden~ce in Frames 9 to support this; since the albedo conirthiutes roughly half of the flux, the
t~otal o~ flux would tip ahodt 15 percent greatt r than the '6-flux. Furthermore. there is a very
weak madivatinin that the vertically jitoarized air-cumn-water albedti hzs .slightly faster falloff

wI ~gie Iromf thte H reball, titan does the hor'ý.ontallv polarized albedo.
k' 44t~' the snhutter variations an~d the time zer 1 ifferew( , firin upper 1 rnits to the podari-

4 ifi lih IW roem the va-ious i'catures in the iftitograp~hs cannot be safely giveii. t0ifferences
iii hxt, lirýAl .1;)I pak r;irltawass limb darkening. aud abstirption s4hell urnghtnes-ses are not resolved.

n il ý h s tha" the aotk~rj..' t. she;), atid air shovk -Attenuate by absorpli ori rdAhe r than aier
ing. fix idwho- tito --.'6. ifft,,reniris be; .wen W4 tw IxW' aiar.z.31utns is sevn,

4,5..5 AsvymmOa ry. bt kepieraI. (lt? the-ruial f*'0WiJ'x ('l taiv fi reballs and their reflecting
vir alt-, appea rs f'() Ise svauim~nefrt ai_44it 2" vert ical Cjeit~aa a! axi,-. as th~' photog~raphs in the Ap-

peliidi,i s~t) V. h1'w'va'r, to r sm~natller we:;'vns, tho-re ittay lit roi,ýsicder;ible ;isy-r wiery:, and a
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microdensitomerni~c examiinationi of Lallata haii showni that 'ts firebAll is not symmetric.
F~ri e and L a rossae A ynymo'try . Ft') these sý,:al dclvic,,s, the photographs show

a IJi'ge asymmnetry in the fireball shapt,, tarrosbe appeArs to shrw a t~urface-brightnesx asym*-
motry. 'Thk*s may be because smaller detonatlon& are rnore sensitivi.L) local material and less
stable ilplftul fikactuat Ions c-au*LIag br(,:a~kup.

The E rie f ireball begini, to assurne a mqua re shape n houtly al ter tmaxiI; the aq-.;are Is qu ite
weil developvd at 2tv X11 lDur~g this t'ime about a, third c(, Vi:e total thermal flux in emitted.
&')mewhat similar leaLur-es ire vnoted for Lacrosse, which has a very rough surface, From the
high (66") closerviation angle., the Lacrosse plume (Itself asymmietric) obscures almost half the
fireball at necond thermal flux maximum; this phenomenon is d&scussed in Section 4.4.2. The
anymmetry of the Lacrosse fireball Is further evicenced by the variation in illumination of the
shock froth (Z3ection 3.2.3). Caloriimeter-radiometer results on Lacrosse show definite differ-.
enrree in the thermal flux hiutory of the land and water sides of the detonation (Reference 34).

Dakota Asymmetry. The asymmetry of this device is .A, as mentioned initially,
evident from a visual examination of the photographic record. It requires a very large number
of scans across a large number cl 1.rames te proporly characterize It; for this reason, only
Dakota has been thus analyzed.

The brightnesses and brightness ratios (aý.ymnmetry) are kihown in Figure 4.32 for the Red
and Blue sc~ans of Table 3.7; the figure also shows at what pointe on the riicrodensitonieter scans
thiey are taken. fhe time at second thermal flux maximum was chosen for observation; as wili
be shown later, qualitatively similar results axca obtained at other times.

Attempts were made to reduce all of the brightness figures to a common base, but owing to
the fact that the film calibrations did not ref lect the actual conditions of use, this w-za not Poo-
sible. As a resu't, the brightness figures must not be intercompared; the ratios however de-
scribe In a serniquantitative way the thermal picture of the firenall at second max~'num.

The B-57 and B*-66 records are taken from the same side of the friieball, and they are in
essential accord; on this side the. fireball is thermally symmetric In the Red photographs. With
the Blue film-filter combination, there is definite evidence of symmetry; the ratio of the bright-
ness on the right side to that on the left side Is 1.7 for the B-5', and 2.45 for the B-66. The
microdensitometcr traces show a definite untfoo-m sag, which is not attributable to cloudi effects.
1hese sarns were taken across the fireball at the. same kE v.el; as closely as could be determined,
they were made about a third of the distanre from the top if the luminous hemisphire to the
bottom. The correspondence of the scan 1-nex? is most exact with the film records (Red and
Blue) from an individual aircra~ft; it Is lean exact with the records from diffe'rent aircraft.

The third and fourth aircraft, the 13-52 and the H3-47, observed Dakota from higher angular
altitudes than the others (620 and 637 as contrasted with 45" and 501), arnd from azimuthal direc-
tions about 160" a*.;y from the other t%, skircraft- Thus they were observing the back of the
fir. ball, and it might therefore be expec~ted that the sense of the asymmetry observed by the
B-57 and B-66 would here be reversed. For the Blue pictures, that is the observation: values
of 0.57 and 0.46 \that is, about 1:2) are obtainedi for the raiio of the brightness of the right side
to the left side. The pictures taken In thp Red, however, exhibit ratios of 0.93 and 1.23. This
effect was checked by examining other frar es; for example., the same ratios ,re obtained from
Frames 150, Red and Blue, in the case of the B-47. These results suggest the presence of what
may be called a cool spot In the fireball: the Blue anymmnwtry is greater than the Red. Although
the plume is Invariably larger in the Blue thart In the Red and might, at least In part, be respon-
sible for the asymm~etry, traces lowt.r down a~nd therefore farther away from the plume s~ill
exhibit this same behavior. 1'I was foun~d that inA both the Red and Blue records, the asymmetry
increased as the traces were made higher and higher on the fireball. On some of the views the
lowest traces shvw no detectable asymmetry. The asymmetry of the highest traces is somewhat
uncertain. becauseo f interfereni,:e by ihte pluroe (see Figure 4.32, showing the criteria of the
measurement). This Is rnoi -Important In the* high anigular-altitude photography, where the
plurne occupies a g-eAtcr proywr:tion of the flld of view relative to the fireball, Since the plume
is armaller in th',i Red. photographs than Ina the Blue, this decrease in the asymmetry of the
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hki!hedt traces would he expected to be smaller here thav* In the Blue. This effect can be ob-
served qualitatively in the densitometer traces.

The question naturally arises as to whether there Is a time variation In this asymmetry. InI
order to answer this question, scans were made on a sequence of Blue pictures from: ie B-57.
These ranged from 0.6 tmaxjy to 2.2 tmaxuI. The ratios of brightne!e o~f the right tilde to the
left side of thie fireball were frind to be scattered throughout a range of 1.6 to 2.2. The spread
of the data in somewhat greater tha might be desire A; the scatter of the points precludes a
decision on whether a trend Is present.

The Inference of these results is that Dakota did not emit thermal radiation symmetrically;
parts of the fireball surface appear to have lower br~.ghtnesses than others (over and above
iimb.-darkening effects). That is to say, frurn differlnt aspects the weapon may appear to have
different (th,ýrmal) yields. This may well be an important factor in the thermal damage caused
by such dev, as.

4.6 ABSORPTION SHELL PHENOMENON

This section deals wi' the properties of the dark attenuating ring that in seen to 4 ncircle the
luminous fireball in each set of photographs (except the poorly resolved Cherokee series). The
absorption shell has been rsuther poorly seen on previous tr-ts L~ecause of the lack of shock froth
(air and land bursts) and/or the lack of detailed photograpt4.f from above to utilize the shork
froth aa a vlewtag screen for the absorption shell. However, in the Erie Red Series 34565,
Frames 1 through 5 show that the absourptiton shell of a 14.9-kt tower shot. can be seen nearly as
well against a land background as against a shock froth backg:ound, when seen from directly
above. Also, In Zuni Series 34383, Frames 55 through 212 show that under the proper circum-
stances background clouds can make the absorption shell of a megaton-range burst spectacularly

The absorption shell, first seen at the Trinity test, was measured on Shot Easy and discussed
In the Operation Greenhouse report (Reference 35).

4.6.1 General Properties. Clearcut absorption sholls aro vialbte on akl the reproductiorns
* shown In the Appendix, with the cxception of the photographs of Cherokee. Thesoe Include sur-

face and land, and low-tower burats. The res~elution on the Cherokee aeries is very low (the
range is some 131,000 feet), and no shock froth appeurs I~n this airburet as a viewing screen
for the absorption shell. This absence of the chock froth, a feature which Is al vays strongly
In evida.ice In the other photographs, points up the Idea that tite loes easily seei, absorptlon shell
In simply missed. T~he quality of the Mohawk pictures ts very low; the detoiraton is viewed
through a thick haze, and the absorption shell io only d mly seen in wome of the serle I (not re-
produced).

The attenuating propertias cf the shell are sensibly thwo saime in Red, Blue, sard Polaroid (of
this more later; saý* also Section 4.5.2); nu polarization difference is resolved. 'rho shell Is
obvervable as a highly attenuatIng ring obscuring the shock froth right after breakaway, &a, the
limb darkening of the fireball Inereazes (Section 3.2.11 and the photographs descrihad In iis t
section). Tle thitcknes of the absorption shell increases with U~me; at second tharmal flu, MALN-
imum It in, t-%ý ally, a quarter of the fireball radius. The attenwsttloo of the mhell decrtkuises
with time (& ýakls laer). The limitation on the rose iv,%bility of the ishell at 'Fery late tiirns is
the lack of I ,umination froir the firebalL. In one extreme case, Na-vi.o (about 4.3- at) It to stfit
visible at 5.8 aXI

4.6.2 Hydrodynamics. The time dependence of the shell ratdius, for Lacrosse (about 39.5 kt),
Huron a~x t 2IM U-) and Zuni (about 3.38 Mt), is given in Figures 4.18 through 4.20; for Dalwta,
it Is given in Figure 4.24. ThIa radius is quite sharply Indicatedi on the detisitom~ete traces;
the demarcation is less than a slit width at all magnlIfcatlions, except after the fir'iball begins to
rise and lose Its heml.upherlcal ahape. Zhe measugrem~nirt, however, wiAs made visually on Vtie
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frame imn ýe o the microdensitometer viewing screen. The absorption shell edge has smaller
deviations irom circularity (see the photographs of Erie, Lacrosse, and Flathead) than the
fireball edwe. %nd does not not particularly follow the luminouu fireball.

After breakaway, the absorption shell radius fits smoothly on to the single radius versus
time curve describing the shock and radiation t ont, hile there' in a discontinuity in the appar-
ent fireball size. This -yell-known effect occurn as the shock front becomes transparent and it
becomes possible to look deepeor into the fireball; it points up the observation of the last sectlon
that the outer edge of the absorption shell £s a continuation of the once-luminous limb of the fire-
ball. The absorption shell appears to scale hydrodynamically with device yield and time. In
the four detonations for which data are presented, the absorption shell radius is 1.25 i 0.05
times the mature (in the sense of Section 4.4.5) fireball radius; consequently the absorptlon shell
radlue scales with device yield just as the fireball radius does. It is difficult to set up better
,scaling parameters, and in particular, a proper time-scaling, for these relatively late-time
phenomena.

The thickness of the otbsorption shell varies over a very wide range. At times > 2tmaxiI,
when the luminous firebill decreases in size, the absorption shell keeps on growing. At fire-
ball maturity, thii thickness is given by

0 z 0.25 R w 70W 1/1  (4.21)

where the thickness 0 is ii' feet and the devicv• yield W is in kilotons. This point will be
brought up in the discussion of the attenuation of the absorption shell.

The velocity of growth c.. the fireball and the absorption 4hell is shown in Figure 4.33. Con-
siderable experimental inaccuracy in the data is introduced i i the subtraction of neighboring
points. The fireball growth velocity is not partic'nlarly meaningful at times alter breakaway and
at late tOzes (it appe trs negative in some of the rin series). On this somewhat inchoate figure,
the growth speeds appear to go about as 1/(tinte); there is no marked difference in this slope
aniong the several detonations. (In the Taylor shock region, the air shock velocity should go
as t -0A; the shock is rapidly outdistancing the fireball and absorption shell.) The velocity of
the absorption shell outer edge through the air that has been preheated by the shock wave, be-
comes subsonic at times that do not scale with the time to thermal flux minimum; this is of
course expected for a hydrodynamic phenomenon. These subsonic speeds suggest that the ab-
sorptica shell propagates by Gther than air-shock mechanisms.

4.6.3 Absorption Coefficient. Part of the shock froth is typically obscured by the absorption
shell; It io p)ssible to compare the brightness of the inobscured froth to the obscured region,
and so calculate the absorption. The apparent brightnesses must be corrected for the aureole
light, a difficult correction that often entails a subtraction of two numbers that are very close
to one another. In practice, only a single absorption mepsurement can be made on any one
scan; this is the attenl.ation at the outer edge of the absorption shell. The edge is extremely
sharp, and it is diMib ult to assign a path length to the light passing thrugh the absorbing region.
For these and other reasons that will become appa.'ent in the following discussion, accurate
measurement of ti e attenuation coeffici.nt of the absorption shell is not possible; only approxi-
mate figures, and trends, can be given.

Z u n i. The series of (Red) frames oe shown and described qualitativ.•ly in Section
3.2.7, show the absorption shell att,'nuating the light from the shock froth as well as from the
clouds behind the fireball. Unfortunately, the complementary Blue photographs are of such
poor quality as to be unanalyzable. Qualitatively, It can be seen that the Red attenuation de-
creases with time; ia Frames 27 and 55 the shock froth edge Is not visible through the absorp-
*fin shell, but by Frame 121 (secoi: A thermal maximum) this edge shows through quite clearly;

yen the inner absorption shell is partially transp.lrent. Tt - same general behavior is observed
for the clouds above the fireball and hheL. After Frame 286, no absorption is apparent in the
reproductions, biwt on, the original photographs it can be seen to Frame 689. The inner baud--
further justificailon for which will bc given later in this section--persists also and appears to
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be present even in Frame 689 ('-• 5tmaxiI), when the fireball has lost Its hemispherical shape and
started to rise fron, the *vater surface.

Radii of the shock froth, inner and outer absorption shell, aind fireball are presented in Fig-
ure 4.20, along with the absorpion shell thickness.

A horizontal scan along the fireball, such as Scan Line A in Figure 4.34, was taken; this scan
intercepts the absorption shell where it obstures ti e shock froth and the unobscured shock froth
as well. The air-scattering contribution is evaluated from Scan Line B, which just clears the
frothed ring. Eighty-five percent of the brightness measured just outside the edge of the absorp-
tion shell Is subtracted from each of the two shock froth brightnesses; this assumes that 85 per-
cent of the apparent albedo from the unshocked water is air -light, an assumption that Is discussed
in Section 4.5.2. The absorption shell attenuation, then, depends on the interpretation of the
air-scattering measurements.

A typical microde-isltometer Scan Line A, 37.3 on Frame 83, is shown in Figure 4,35. The
densities are proportional to logarithms of the light intensities. The (air 4+ water) background
gets brighter near the fireball, as does the shock iroth, The slowness of the rise and fall of
these brightnesses is principally an instrumental effect, due to the finite-sized slit passing over
the obliquely nriented demarcation line. Transition from dark to light sectionls of the absorpto
shell is markeil by a small change in the slope of the brightness-distance curve, rather thaa a
step function in brightness. The transition from the inner (bright) absorption shell to the fire-
ball proper is easily found by the sharp change in slope, as is indicated in the diagram. The
absorption of light from the shock froth appears to be highest at the outer edge of the (dark)
absorption shell in all such scans; apparently the lowering of illumination with increasing dis-
tance from the fireball overcomes any increase in absorption due to greater thickness of shell
traversed. An upper limit tc% the transition region at the edge of the shell is 100 feet; it may
very well be much less.

Note that the details of the inner and outer absorption shells are masked by noise. The
shock froth is brightest, and the absorption shell region least bright, at adjoining points. These
two brightnessea are chosen for the attenuation measurement. Thn corrected ratios of these
brightnesses are given in Table 4.20 (which also presents the raw data) and in Figure 4.38.
Also presented in Figure 4.36 is the function

1 1 (inside brightness) (4.22)
-Ole (outside brightness)

Where: M' rough measure of the ,wbsorption coefficient of the absorption shell
0 = shell thickness, centimeters.

This crude procedure assumes that the light patf is one mhell thickness and that the attenu-
ating properties of the absorption shell are the same throughout its volume, an even more pre-
sumptuous assumption. Furthermore, only the most trivial type of radiation transport- pure
experimental attenuation- is assumed. Consequently, It' should not be regarded as a proper
absorption coefficient.

While there is considerable scatter in these points, especially at early and late times when
the illumination is low and one is working on the toe of the H and D curve, the trend of the
results is quite clea: the attenuation of the absorption uihell decreases with time, te going about
as t

A rough chec in Lhese results was provided by measurements of the attenuation of the light
from the clo.ud o -he right of the plume. Because of the rapid point-to-point fluctuation of the
light from suct - viewing screen, consistent frame-to-frame variations were not observed.
The transtniss in, however, turned out to be in the same range as that observed with the she k
froth as rtewinf screen.

Thear necessarily cr ,de measurements indicate that the absorption shell is attenuating the
eývd thermal flux by about a factor of 2 at times near second maximum. In light of the approxi-

iationm in the procedure, further interpretation of these data should be made with caution.
Fl at h ead. Upon examination o i •e several film series available, it was found that the
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Red jBlue pair best suited for an absorption sheli analysis .,f the type described in the lasi sec-
tion orwluded Flathead Series 35455 and 3545(, I, these series the ca~iera lenses were set at
f/16, and no neutral density filter was used; this made the Bitie exposure high enough to 3luow
readinata to he made in "npte nf the attenuation of the air shock. However. the slant vrange of
24,000 feet and focal length of 10 mm resulted in a small imoge and low resoltlo,; and the ob-
servation (altitude) angle of 42° is not as satisfactory as the lower angle of the Zuni observations.
At this high angle, Scan Line B is at a considerable angle from Scafi Line A (Figure 4.34) and
the location of the proper air-light point on the rapidly risisig brightness curve of Scan Line B
is extremely uncertain. Furthermore, the Blue Scan Line B is taken through a greater thick-
ness of absorbing shocked air, making the apparent air light too low.

Consequently even these optimum series give results of considerably lower accuracy than
those taken on Zuni; these results permit only rough inferences about the absorption shell to be
made. The attenuation of the absorption shell appears to decrease with time in both Blue and
Red; indeed, this behavior can be observed qualitatively in all the series shown in the Appendix.
The Blue light is attenuated by about a factor of 3 at half the time to second thermal flux maxi-
mum; the attenuation factor har decreased to about 2 at 2 tmaxl. This attenuation may be too
low because of the failure to subtract a high enough air-light contribution. The Red attenuation
decreased from about 2 to 1 V/ ini this time. The attenuation coefficient A' in 4 -, 10-4 in the
Red and 8 x 10-4 in the Blue at tmaxII. It appears then that the Blue attenuation is rather higher
than the Red, and that the Flathead (about 365 kt) Red attenuation is not as great as is that of
Zuni (about 3,380 kt), Red. However, the Red attenuation coefficients (W.t V') are about the same
for these two detonations. These should be considered as i iferences irom rather poor data,
rather than as firm conclusions. A principal implication of the Flathead measurements ts that
the absorption coefficient of the absorption shell-if such a parameter may bc properly defined--
is the same, within a factor of 3. for the Blue ard the Red.

4.6.4 Limb Darkening. It was early noticed that the fireball photographs, both in the Red
and in the Blue, exhibited the phenomenon of limb darkening, that is, a decrease of the image
brightness toward the fireball sides on an equatorial scan.

Dakota. The Dakota films were carefully examined in order to obtain a qualitative de-
scription of this feature. In addition, the log relative brightness scans oi a matching pair of
Dakota Red-Blue films up to tmaxUI were measured; those are shown in Figures 4.37 through
4.39. These typify the g, neral features which are observed in the eight Dakota records examined
and which are described oslow. In the Red, although Frame Zero rhows no detectable Ilrab
darkening, (the fireball is flat) some limb darkening appears almost immediately thereafter,
sometimes as early as Frame 1. This Red limb darkening then increqses, the bowing of the
fireball getting mo.e pronounced. At a time before t.,,H, but apparently well after train, the
limb darkening decreases and the fireball surface brightness becomes flat over most of Its
extent. It Is not possible to pinpoint the time of reversal (Figure 4.39). Finally, as well as
can be observed through the breakup of the fireball, the limb darkening appears to be gradually
increasing again.

The Blue limb darkeni4g, on the other hand, is Initially present in Frame Zero, appears to
increase in degree with t ine, and is still present at well after tmaxwI. Qualitatively, the micro-
densitometer traces showing limb darkening in the Blue are different from those in the Red.
The Blue fireball brightness contour is rounded, wherea. the Red has a rather flat top extend-
ing into a sharply routnded corner and steep sides.

Quantitative Analysui of a Typical Pair of Red-Blue Pictures. A con-
centric absorbing layer around the fireball-whether air shork or absorption shell-should
produce limb darkening. A crude analysis of this limb darkening has been performed. In this
analysis it is assumed to be due to the variable thickness of material that the viewer must look
through to see different parts of the luminous fireball. The following simplifying assumptions
have been madv; (1) the l'minous fireball itself has no intrinsic limb darkening, (2, the absorb-
ing material is uniformly conce.,trated in a spherical shell whose iner radius is the fireball
radius and whose outer radius is either the absorption shell or siock froth radius (both cases
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have i~een tri d), (3) the attenuati&.i in characterized by a sin, e extinction coeff' ient ,,and

(4) ,Zhere is rip buildup ir other radi, tion transport. The 3imb darkening across the luminous

fireball In thus considered to be due to the light passing through different thicknesses of the
apt~CricaI absorbing shell and can be calculi i i straightforward!'v. The result tRn

I'A(a) RjfR2  a-oxp *4 Ra Ii-) -

-YA(-RI) (4.23)

or 2

Z) (o) los (a) R,

-(RI,- Rj) (4,24)

Where: 1A apparent awurface brightness in a wavelength range centered at A

a d~stance of the surface point from the center of the fireball, measured in the
plane of the photograph

Ri r4l"~ of the fireball

R2- outer absorbing shell radius

y - extii :thi coefficient (base e).

This theoretlezl limb darkening formula is a one-parameter formula, the parameter being y'.
T'he theoretical formula was fittjpd to the experimental plot of the log of Intensity versus (pro-
jected) radius by fittin~g the point &A at which the log of the Intensity ratio f. (as) has the average
of Its values at the conter awl1 the edge of the fireball. ft is necessary to choose a great circle
(cent~ral) f Ireball m~crodonsitometer mcan. Thin f It then dete rianes vy. Ithe point at which the
fi It t'omade in near the edge of the firebali wtere there Ls a yeIxtively large length of absorbing
path.

The results of this analya is, performed on the Red and Blue plcture., Frame 45, Series
36241 arnd 30242, central srn of Dakota, ax 'i shown inA Tabie 4.21. The remainder of this sec-
tion is conceri, v4 with thia pair of pictures. This fit to the data in plotted in Figure 4.40. T1he
fit to the Blue data I&, excollant, Indicating that, for the Blue absorption, the assumptions made
are probably valid; however, tbe fit to the Red d~ata A rnot very good, which indicates that the
model it~owt a good one for the absorption In the Red. There Is no marked difference in thev
obtained for dtiferea~t absorbirt sh radii.

IL should be tioted that the fit to the data is not niarkmetly sensitive to the distance chosen as
the outer radius of the attenuating shell. The crucial distance in this extinction coefficleait cal-
culation is the differance betwmin tho pati. lengths of absorb~a& material trawiersed looking at the
point at diatance a from the center, and at the center of the fireball. Wie1:. Vh outer radius of
"bh.i absorbilng shell Is increased, b~oth of these pGvth lengths lincrease, but thiart difference, which
in the important distance ~1are, increus~es only slighaty, and thus the extinction coefficient de-
creases only Slightly. This brings about the closeniess of thes calculated Vy's for the different
outer shell radii.

A second fact which should be netM a-bout Afttng the, data is that changing the extinction coO-
ficient dets not change th.1~e: the curyo, butt only m~uli-plies the whole curve (on this log
plot) by a 'ateal fartoz; in addltion, chi ~ir4g %~e -values of the a&bsorption shell radii also doe"!
not greatly chanjga the shap,4 of -he curve, trr ýcrticular, the sharp corner of the Red limb
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darkening curve cannot be fit by such adjustments, For example, a plot of the Red theoretical
limb darkening with - 10-5 cm-i is also shown in F gure 4.40; while it fits the top of the

brightness cm, ye, it does not go down steeply enough to fit the edge.
In making these fits to the data, there are uncertainties, partly due to the inexactness of

the initial data. The slit width of the microdenaitometer scanning unit in this particular case
corresponded to 37 meters in the actuid burst geometry. The inicrodensitometer trace Is usu-
ally very jagged;furthermore, it is imall in size, and there is difficulty in reading points from it
numerically. The numerical values 4 density are probably accurate to I part in 20. These
density values Znurt .ow be converted co intensity values using the H and D curve; this opera-
tion is relatively accurate, but it still involves another numerical-graphical operation with
some attendant error. Finally, in analyzing the limb darkening, the fireball radius, to which
the extinction coefficient (in this analysis) is sensitive, is chosen by inspection. An error in
the fireball radius equal to the alit width can change the extinction coefficient by I part in 8.
The accuracy of the number obtained for the extinction coefficient (over and above the failure
of the assumptions mentioned in the second paragraph) is probably no better than I in 5.

Further Darkening Analysis. Several simpie attempts were made to refine the
limb darkening discussion. One of these Is an attempt to correct for background air-light. In
making this correction, the background air-light as measured in the microdensitometer was
smoothed -off and extrapolated through the center of the fireball. This affects the brightness at
the fireball edges markedly, but the central brightness is virtually unchanged. (Actually, this
Ls a somewhat arbitrary correction; the extrapolation is quite subjective, but the Frame-Zero
and other flat-top evidence shows the air-light must be flat across the foreball center.) The
log of the corrected fireball intensity was then plotted and the limb darkening analysis carried
out for the corrected curve. These results, which give an extinction coefficient differing by
about 20 percent from the uncorrected extinction coefficient, are listed in Table 4.21. This
procedure did not affect the fit to the curves.

Another simple attempt to refine the discuss'-on without making detailed calculations was the
removal of the intrinsic limb darkening due to the luminous fireball itself. A simple hypothesis
to investigate is that the Intrinsic fireball limb darkening is similar to that of the sun. An at-
tempt based on this hypothesis, in which the fireball intensity was increased so as to remove
the sun's limb darkening (Reference 36), led to a corrected fireball intensity that has a maxi-
mum at some distance from the center rather than at the center. Such a fireball intensity pro-
file is unreasonable, and so no further limb darkening analysis was performed on these curves.
This result, shown in Figures 4.41 and 4.42, shows that the fireball has less intrinsic limb
darkening than the sun.

D i s c u s s i o n. Returning to the discussion of the extinction coefficient found from this
limb darkening analysis, it may be concluded that the results lfrom this alone (Table 4.21) can-
not determine the location of the absorbing material. However the direct photographic evidence
svws that the absorbing material for the Blue radiation extends from the fireball to the shock
froeet with additional attenuation in the absorption shell. For the Red radiation, it extends from
the fireball only to the outer absorption shell radius; the air shock shows no apparent absorption
and only slight scattering of the radiation. The extinction coefficients calculated from this limb
darkening discussion are higher than from the chord data (Section 4.6.3), but In light of the ap-
prowmations made in the two sets of calculations the check is reasonably good.

TFhe pxor theoreticr.l fit to the Red data indicates that the absorbing layer around the fireball
does not cause the limb darkening in the simple fashion described here. Presumably limb dark-
ening inside the fireball, which requires a more detailed radiation L-ansport analysis for I*# ex-
planation, is an important factor in the Red limb darkening. (See Section 4.6.5 for an outline of a
wore detailed radiative transfer analysis.) Furthermore, the presence of the bright inner abeorp-
tion shell indicates that the close-in layers of this mantle are not enough to be self-laminous.

The good fit to the Blue data is partly fortuitous and should no' obscure the fact that the In-
ternal structure of the luminous fireball also contributes to the limb darkening, The required
atte.iuation of 20 × 10-5 :m"'t would cause over 90 percent of the fireball light to be absorbed
by the absorpti in shell alone. This model gives too high an attenuation in tho Blue.
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4.6.3 Discussion. Certain other aspects of the absorption shell are discussed In this sectior..
first- in a. simple manner, then in a more realiistic manner involving the equation of radiative:
transport atid the detailed physics of the fireball.

Rolng Im in Lawn - The absorption shell radius and thi-kness apipear to scale with yield.
Data presented earlier in this chapter And qualitative ena ..&natio, (if the photographs fail. to re-
solve any significant differences in the attenuating properties of the shells of different yield
(but see Section 4.6.3). A further poirit of importance is that radiometer and calorilmeter re-
Eults do rnot indicate any great dev~iation of the total thermal flux f vom a first-power-of -yield
law; consequently, the attenuation of the absorption shelf, cannot vary sharply with yield.

This constancy of the gross properties of the absorption sMhell implies that the number of
attenuating centers produced varies as the surface area of the fireball, as the foilowing argu-
ment shows.

It is possible to write (following Sections 4.4.5 and 4.6.2)

R2 KR W 1/ (4.25)

and

0 K (J W1'A, (4.26)

where R2 and 0 are thke radius and thickr'ess of the absorption shell of a weapon having yield
W, and the K's are appropriate constants. Then the shell volumne V is given by

V = 27TR 20 2n'KR2 KO W (4.27)

Let N (-KN Wn) be the total number of attenuating centers proiduced. If the total attenuation
factor is the same for all devices, then, asluming a simple attenuation law to hold

exp - (M N- 0) constant' (4.28)

(where M is an absorption ;,,ross section) and

N KNW n

V 0 =constani - 7K2W2W(4.29)

Thus

and n Y3 (4.30)

The area of the emitting surface varies as W2A also. This effect Indicates a further connection
between the absorption shell and the thermal output. Hiowever, acceptance of this result means
a rejection of the usual (that is, hydrodynlamical) scaling laws for detonations at a given scaled
radius and scaled time, the temperature, pressure, and density (and thus prekumnably the chemi-
cal composition) have fixed values. Nonetheless, this accepted scaling does not give the observed
attenuating proper-ties of the absorption Ishell, in that the attenuation does not scale with the shell
thicknesas it rex-edicts t!hAi larger devices should have thicker absorbing mantles and coi ii'quentiy
lower brightness and total thormal flux. Presumably the resolution of this paradox lies in a
inoý,'e realistic study of the radiation transport through the absorption shell. The existence of a
temperature (anti therefore ain absorber concentration) gradient is certainly to be expected on
theoretical grounds and is further Inferred by the bright inner section of the absorption shell.

Te mpe ratu re R Ise, Anotaer chi,:ck on the preperties of this attenuating mantle may be
made by calculatit~g its temperature Increase A T on absorption of half (see Section 4,6.3) oif
the thc-ernal flu~x. Since K () 70 and K 1j, 290 (W In kilottots, distancuo mn feet), V -4 X 107

W its. In lieu of a detailed calculation taking into account the details of fireball brighi ,.es anti
abwsivpt~or shell properties, assume that all the thermal flux is emitted aSi second maximuti.,
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and that half of It is absorbed in a shell of this volume. 'itien

(1/2) •A W x 1012 caloriesAT=
4 x 107 W y 8.5 (p/pn) calories/oK

= 1. :o (0 p---- -K (4.31)(-P/Po)

where A is the fraction of W lea Ing the fireball as thermal flux and p/po is the (normalized,
average) density of the air in the 2 sorption shell. If A • 0.4 (Reference 1) and p/pe 0  0.25
(Reference 29; this is actually a very crude figure, but it does not appreciably affect the con.-
clust( is below) then a T ; 2,4000K. Now, in actuality the temperature rise takes place over
the whole thermal history of the detonation, kind in light of the possibility of the reradiation of
this absorbed energy at longer waveiengths this figure should not be regarded as making the
absorption shell hotter than is experimentally observed. In fact, it is possible to conclude fron.
this argument that the ab'sorption shell can very well absorb half of the thermal flux (in the
crude sense of this argument, that is, regard it as a simple filter) with unresolved temperature
increase, which fs consistent with that observed in this experiment.

O rig i n. Considerable effort has been ?xpended in aP Attempt to find the molecular species
(or other absorber) responsible for the attenuation of the shell. It Is not possible, out of hand,
to reconcile the properties of NO2 with the absorption, ar, its attenuation coefficient in the Blue
is at least 200 times as reat as in the Red at laboratory ( - 3000 K) temperatures (Figure 4.2).
While some wavelength flattening of this coefficient is expected at high temperatures-the Red
absorption coefficient increases up to 500°K (References 37 and 38)-considerably more change
thar. has been observed in analogous cases would be needed to explain the near-similarity of t•a
Red and Blue attenuations at the absorption shell temperatures (1,500 to 2,000° K). Calculation
of the popu.ttion of excited states of triatomic molecules at these temperatures is extremity
difficult. In passing it should be remarked that, If other experiments can be devised to show
the absorber is indeed NO, the high-temperature atoorption coefficients and popul; tion states
of this gas become experimentally accessible in observations of detonathons.

Clearcut NO absorption bands are in fact spectroscopically observed in the early stages of
the detonation; the apparent absorption increases to a maximum at breakaway, thermal flux
minimum (recall apparent extinction of the Blue fireball), and then starts to decrease (Chapter
3). This behavior is consistent with th, early NO, in the shock-radiation front being pushed out

S:ntc, the shocked air where it is metastable at the lower temperature (freezing-in); the air shock
is ,ttenuating in the Blue. Presumably conditionb for further NO 2 formation still exist after
breakaway.

It is expe ted that details of the Red and Blue radiation transport phenomena should be quite
dificrent; for example, the Red absorption shell appears in part luminous, as is evidenced by
the inner bright section. Further analysis of this question may aid in explaining the lack of
pronu viced attenuation differences.

A second hypothesis that was considered briefly is that the absorption shell attenuation is
due to the scattering by iron particles, the order of I micron in size. Enough such particles
can be made to give the observed attenuation, from about 5 tons of iron per megaton yield; fur-
thermore, any Red-Blue attenuation difference can be fitted by srllU adjustments In the (average)
size of the particles. However, this attempt was abindooed whtr It was realized that such ma-
terials travel only a few meters, the fireball growing by engulfing air.

Discussion of Theoreti cal Model. This section is devoted to theoretical consid-
erations for finding a mechanis, to account for the absorption shell.

Tempp ratures, Dens liles. To explaiL the shell, it is necessary to have some idea
of the, temperatures and densities throughout the blast and the absorption coefficients for the
various chemical constituents as functions of the temperature and density of air.

The temperatures and densities throughout the blast were determined from Reference 2.
That report assumes an early phase during which radiation spreads the thermal energy evenly
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into an isothermal sphere of hot air. This isothermal sphere provides the initial condition for
a purely lkjdrodynamic calculation in which no attempt Is made to account for the effects of ther-
mal radiation. It was necessary to ascertain whether the data from Reference 29 could be scaled
SA, U1&IU 7L UA 't ha %VMJtaSLuIV II W M. AGAW I'J0"A ALIA 1. LI4Lt 191 1 LWVV&L WgL, LMtAjW IVULU.

dynamically (radii and time multiplied by the cubic root of the yield ratio), and the shock fronltS
were found to scale fairly accurately. The fireball temperatures in the report, however, are
somewhat too high because of the neglect of thermal radiation. A more recent report (Reference
39) approximately acrounts for radiative losses in the vicinity of the fireball and results in lowc
fireball temperatures. Except .or very early and late times, the two reports differ only in de,-
tails. In the region of concern, both are in substantial agreement.

Absorption by NOg. There has been much speculation az to which process is respon..
sible for the absorption of radiation in the absorption shell. It is believed that the N0 2 molecule
is reiponsible for most of the absorption i. the absorption shell. Referent 40 reports substan-
tial absorption spectra of NO2 in the fireball of a 20-kt blast for times between breakaway and
second thermal maximum. This observation has been confirmed for kiloton and mraegaton yields
during Operation Redwihg. Since these a e the times of concern in this analysis, NO, absorp-
tion should be an emp,-tant factor. There is very little theoretical information on the MO 2

molecule, nor is there much experimental radiation abstrption data-none over 1,000" K.

The one piece of quantitative information on the magnitude of the absorption is contatkied In
Figure 4.35. This indicates that approximately 40 percent of the light from the shock 1;roth is
absorbed by the absorption shell at this particular time. Figure 4.35 is based on data taken
through a red filter, a spectrum approximately in the 1.50- to 1.75-ev Interval. Th. only band
spectrum in this Interval it the N2 (1+) spectrum, but this becomes sigrilicant only abo)ve
4,000* K. The continuum absorption is unimportant below 6,000* K. Thus, NO2 data !,n this
region is essential.

The beat data on NO2 absorption goes up to 1,0000 K in the blue and 500" A in the red awd
infrared (Reference 38). In order to make some estimate of the absorption coefficients at hi4gIer
temperatures in the red, it is assumed that the temperature does -o more than increase the
population of the first excited state of the NO molecule, i.e. the Increased absorption is due ito
the increased number of transitions arising from the first excited state. This simple model
gives a good fit to the referenced data above 400" K. The 300" K data is complicated by the
presence of N204 . However, the model is simple ant' cannot be expectel to be valid over a wide
range of temperature and frequency. The model seemis to be valid in the red portion of the ref.,
erenced data and Invalid in the blue and infrared. Using this approach, the NO2 absorption crovs
section was then arbitrarily taken to hold at all temperatures above 1,000' K In the calculation
and was used to determine the NO% absorption coefficients.

Radiation Transport Through Air Containing Equilibrium Concentra-
tIon of NO 2 . The Zuni detonation at the time of Figure 4.35 was chosen for detailed study.
Temperatures and densities were scaled from Reference 29. Several parallel sea-level chords
were chosen through and beyond the absorption shell Temperatures and densities were estab-
lished along the chords. (These differ from the temperatures and densities In Reference 29
which are along radii.) The Intensityv I, of the observed light in calculated from the radiation
transport equation:

It (S) - I, (o) e--"° + g v(T', p') Bv(T') e-s' d s'

Where: a - thickness of the absorption Pheli

I, (o) - intensity at the fireball edge

gAv (T, p) - absorption coefficient

Bv (T) = Intensity of light coming from a black body of temperature T

T (5', 8) = ,pv(T", p+ d a".
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Stwh calculations carried out numerically along chords through the absorPtion shell indicate that
any incident Intensi of light (such ao the shock f 'oth) would be 4ilminated approximately 48
percent by a chord through the absorption shell, Le., the exponential factor ot Iv (o) rIn the

eqa~nabove Is app.-roxiately equal "o 0'.52. T'hi~ its to be coumpared to a factor of approxi.-
mately 0.60 from experiment. The contribution froru the mources In the Air (the Integral term)
appears to be negligible. The absorption shell, should then be nonlumiinous. H~owever, it wiji
require further work to establish whether the Intensity obtAined f rom, the integrail term of the
calculation would register on the filry of the observation aircraft.

In the foregoing calculation, local thermodynamic equilibrium is assurnet! to prevail through
out the blast, and consequently, the equilibrium concentrations given by Refei -.nce 41 Are used
In the determination of tV - abaorptuni coefficients from the v~arious components of air. The
various ciorr~s have the behavior that vmuld be anticipated from the smooth variation of týemp-
erature anid density. The contribution of the source term increases In going from the cooler
shock front toward the fireball. Similarly, the optical depth increaceis as chords are taken
nearer the fireball, so that absorptfon of incident rAdiation increases markedly. There is no
diecontinulty in Absorption that could bu labeled aoi stbsrption shell. The only Indication is that,
at the radiskl dist~ance for the absorption shell as given by the data, there seems to exist an a.-
mount of absorptien indicated in Figure 4.35.

Freezling- in Me chianism f or N024 . The front of the absorption shell to observed
to be very sharp, and the calculations of the previous section give no account of that.

A possible solution to this difficulty lies in the formation of nonecuiulibr-lum and higher C'on-
cent rations of N0 2.

The chemical, reactions of interest are:

N, + 02 2N0

2N0 + 02 ~2 2±2NO2

The rate of the first of these reactions can be obtained from. Reference 42., The rate in either
direction is very sensitive to temperature. If a fraction of air is heated to a high eno gh temp~-
erature and then cooled rapidly enough, the equilibrium concentra!,ion of NO at the hi;4her
temperature will be found at the lower value. Tte gas has been frozen in. Rapid oxidation
follows, and a value for the concentration of NO2 higher than that which would be obtained for
this gas in air at these same values of temperature and density would be found. It has been
istimated (Reference 4-ýý that heating the air to 2,4000 K and cooling It to 1,800' at the rate of
20,0000 K/sec will produce significant amounts of NO.

These particulars of the chemical formation of NO2 suggest the following description of the
fornmation of the absorption shelL The 8hock front raises the temperature of the air through
which It passes. The air, 0t as heated, cools rapidly and generates NO2 in the manner already
described. As the shock front progresses, the temperature to which the encounteri I air io
raised lessens until ouch a point In reached where no fmrther nonequilibrium 14O 2 is prod~uced.
The NO2 proceeds with particle velocity and the region expands but at a velocity less than that
of the shock front.

The qualitative features of tMe absorption shell are thus accounted for; howeve~r, sonie lim-
portant data in missing. The description cannot, therefore, be supported quantitatively. T'he
chemical kinetics of the formation of NO 2 are in dispute. There In general agreemenit (of the
qualitative aspects of the reaction, but the situation Is completely reversed when the qu~antitative
result~s are considered. Ti e pertinent absorption cross eections for N02 at 4ýoe temperature-8

and densities of interest are also among the vital dat;R eded for a quantitative %,1,scrlption of
the absorption shell. Finally, a more detailed anal' Lts that would describe the lWe history ofi
a particie subjected to shock Is nc- egsary.

A rough quantitative check of the consiostency of the mnodel cain be obtained froni Figuresl
h 4.18 thr~'.'gh 4.20, w! ich present the radius-time curves of tiie sho)ck front as well as of the ab-

sorption s -HI. Acccrding to the model, the frout of the absorptlon shell should ducmiude with
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with the p~th of tý',ise partiii ei that have been. shocked to the critical temp kature of ?,400o K.
The tlW:ie at whilch this patIA intercepts the shock curve (Reference 28) is read oft the graphsm
sea'iid to iho yield of the calculations (lUeferences 29 and 39), and used to find the calculAted
shlok temper-ture. These temperatures .re snomewhat ht)'er than expected, but the margin of
error ttw kucating the tihe of the Intercept is wide enough to l;clude the .4orementioned 2,400' KI

yd4rodynaimnics Basis for Sharp Absorption Front. Inspectton of the temp-
era! are profbleri c! Reference 39 has revwaled -! b~oiihermal regicek 'hat trails behind the shock
1ront. The radius of the edge of this plateau as a function of time was compareu to the outer
radius [ the ,isorpuion shell for Shot Zuni, anwl the curves were practically identical. Yf it
can be Hhowrn that the hLotherm-, region is not t an accident of the method of calculation but
ýteprcstnts 9. tru~e hydrodynamLic pheaiomenon, such a, region may wxell be r-eiated to the observed
absorption shell, e.&, by accentuating the mechanism discussed above or by int'iuc'irng the
",isccntinuity mieotng in thto mechanism.

The remark•, made earlier conc&., ning a quantitative description apply evea imiore so for this
mn;lel. rv particular, the reality of t e temperature pla':au should ae studied. It has been
4ugge-le I that :he I-ont edge may bo ,. cont act discontinuity. In any case, the temperature
iH..szorv oý particles in that reg~ou nhojid be studied In some detail.
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TillM~tUG;H PACIFICR Alit

Shot Ai rcal Vt w 'I w.

Lat.' Iofst 11 Y1' I I 4,o¢s 0.71

Chc'hrfikv B-47 45 0 h5 0. 83

Zuni H-47 '2 0). 6;1 0.67
B-66 5 0. f;:~ . 0. 64

E ric B-57 17 0.71 0.7H

Flathead B-57 17 (0.67 (0.70
B-66 1i 0.6 0.69

Dakota B-47 14 '. 57 0. 60
B-,b7 51 O.745 0.59

11-66 .14 0. .16 (). 60

Apache B- 17 30 0,61 0.61

B-57 4.8 0.56 0.60
11-66 .19 0.56 0. 60

Navajo B-47 31 0,6;1 P.CI

"Tewai B-47 28 0,62 0.6,1

1-66 35 0.60 0.63

Huron B-57 19 0.65 0.6N

B-66 17 0.67 0.70

TABLE 1.2 METEOH(4LOGICAL D)A' A

StSc i IAVl Su rface V.Lpor Surfac.ct. lnvtr bionSu rf~ay., Al 'Aind Sur face
Th, "npt, rltu I t. Baromett H Re.lativte Pressure Wind Direction Visibility L~yer

Pressure ilumidltv - 0  Speedir Vhit ght

"1 mb mm Hg knot deg]OF, W milh ft

Erii m4f.3 1,009.1 80.2 21.2 12 100 19) 10,50o
I.aM' ,Io ,' s1. 1,00M.85 8'8 22.H 16 H0 ,I o 1' ,1MW
Jhr• l 81.1 1,007.8 N.1 2): II 17 !111 1;0 -
Mohawk 79.6 1,010 ]2 I 2. 1.0 1 1; 100 I0
i1:11 h l•ea M2-0 I ,0 1 2.9 82 23. 0 10 50 1 q 17,000
I )HktA 82.0 I ,011A s o 22 - 14 14 $ I , --

Ap | 8 .. I ,l| 11 22)d [ Au - i , 1 15(1 )
'? 11 4i 1f I ,01 . , I7 l I N (- HO :,,,111.

83, 11kM .41 1,I i0 0 71ý "N) ii loI I W,11

N.' I i 010. NO21 NN 9( I0

M Ih.' I (,14 I~l� . IO• l 7MS 2.11 Ni 8i I 10i 1. I!4;

1.19
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[',\BE' 4.;3 A [I'Mt)•PttEIHU i'1{ANSMI•S~1tN Ft IU AIH(iRAFT Pos31im'I.),N. Slt I()I I)A• i'A

For i dvl'nitionr. ot tht t'olt ini hcmis, svv tct'tiorj 4.1.2.

Ahlr!! M11 Total Bl't, IselectiveAi Svt i t!. f'Ielv Thud

13- 17 ),;6 54tH W0( . 0. 13 0.30

B-57 0 , (4.) .1,7 0.79 0.48 0.33

).145 ; " 2 0,89 0.51 0.35

TABLE -1.4 SOLAR COLOR TEMPERATRlIES EXTRAPOLATL1D
TO ZERO AIR MASS

Air Mass Methud TemperatureSouirce

K

S:tir 1.00 Experimental 5,700
Johnson 100 Experimental 5,7b0
Sthtw• . AlD C.!lated 5.600

Opal 1.7" Direct meaamvr, 5,600
Opai 2,55 I)i.tct measure 5.500
Opal '.,21 I)ircct mt~is'; e 5,450

(Oat 4.07 DIluct mearure 5,400
(OpaI 5. 1 i r)1 rei't mllumr 5,470
(1,14 ,tz 2.28 Reference, 18 5,5o.0
(,Quartz 3.,q2 L feri-nve 18 5,600
Quartz S.02 telference IS 5,850
Quartz 7.') 1 Rcferen'e, 18 5,800

"TABLE 45 EFFECi OF COMBINING ') A '!. FROM
VARIOUS FIL'i4EHE,) DETEC' OIS

0.2 to 4.5 mieron{% Quartz ý, 4ndow Q
0.2 to 0.7 nticronx, Filter t( minus Filter A*
0,7 to 0.9 micronx; Filter A minus Filter B
0.9 to 2.0 micronhs Filter B minus Filter C
2.0 to 2.5 mihrowi; Filter C

T 'he' e'nk-gy in th," 2.5- to [LS-micron region s.
n,,arl x cimphlv'ly v a;bsok,,b d IV water vapor..
i'urtheix•lO, e, the .ne'rgy' ni tlW,'s inter'val ut

-4rm tolp;ai,f• tol tha;l In ib, to.. so h) 7 rmingv.
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TABLEi 4,6 AMOUNTS OF NO),

Amount of NO 2
Shot. Time I tk-e-in Atnio--cn

Ap-hi' /.k' Yo 0.687
tIjP' 3.29 ý- 10

(½', iokee zero 1.317

tmax 3.42,-, 10-2

)akota zero 0.953

tmax 2.R9 - 10-

E rit zero
tinax '3 -68 10-2

Flathead zero 0 5i61

tmax 4.08 - 10-1

Huron zero 0,688

tmax 2 50 10-2

Lacrosse zero --

tmax 4.21 1, 10-

Mohawk zero 0.364

trnlax 3.68 • 10-1

Navajo zero

tmax 2.37 ' 10-2

T,.wa zero 0.798

0.0156 sec 1.190
0.0312 sec 0.378
0.0468 see 0.308
0.0624 see 0196

tmax 4.87 x 10-2

Zuni zero 0. - 6
tmax 2.6 10-2

TABIU 4.7 TE APk 4A AT tmax FOR \A RANGE
O! 4,4( .U00 A

Shot Temperature

Apache 4,8O0 to 5,400

Cherokee 5,200 to 6,100
Dakota 4,900 to 5.700

Erie S({r, to S,500

Flathead 48400 to 5,500

HluroJn 0,201 to 7,900

.I :w, He 4,600 to 5,400

M4oh:•wk ! 700 to 7,960
Navaho 6,600 to 6,900
'ewxi', 4,',00 to 4,800

ZUI" .,800 io 5,500

121

$SECRET



'I Ali) i-1 4t14 F (A) AS X viNrl (OU N

W3 \YA.V LEMI.N I ItI
'I~~XIM11-3 it1 IN~IAt I U ) '1 kNI JI(AI4IA'.<1V'

K A

1 8"', 4, wo( 4' 0535

(Ch,'ukl, :1,5(1m 1 61001 it 3

vi 1,47.;,,--I00 1
.4 '05o 5,2001 0I 030H

1,0 5,0.0.1015

T(ABLE 4.30 CONIPAIIIS(N OF MEASITHEO AND) (ALCUILA'EI) VALUIES OF3- tlni

Shot Wav length t m. t rnax. Pl'tr1cnt Errur of Sht Wvlnt aX tmaX, Pervent Errrnr of

Meujji ct,1 CalcuIIatlc( t m~ Calculatedh mi-aNOred Caglvulati'd tinx Calculated

A scn seodA sucond secondI mx

A P AC If E )FO

4,400 i.603 1.51H . 1,400 1.127 3,160 2.9
1,600 1. 1 J! 11.44 (0.000 1,60011 I 0o:15 1.107 7.0
1,800 I. 109 1.3198 0.78 4,H00 L03:0 1.0)68 .3.7
5,00(1 1. 271 1.355 1;. 6 5,000 1.059 1.035 ':,.

5.2010 1.271 I .325 1.0 5,2100 1.0116 1.012 7.7
5, M"0 1.3111 1.312 0.146 5,400 0,9133 1.002 7.4
5 ,600 1.3:65 i .308 4.2 5.600 1.0010 (1.999 4),110
.5.800 1.259 1.320 I.m 5,800 (0.971 1.009 3,

C If E It h1I. El F-. '1, 1H E A 1)

4,400 1.969 2.118 7.6 4.400 0.697 0.633 1.9
1,600 1.982 2.022 2. 0 t,600o 0-63 1 0.61i 3.11
4,800O 1,015k~ 1.950 5.0 1.1100 0.659 WlA2¶; 4.6
5,000 1.977 1.1190 1.6 5,000 (0.65:1 0.610 6. 6

5,200 1.799 1.S.118 .7 5,20(0 0.6-19 0.596 4.1

5,400 1-746 1.1130 .85,400) 0.566 0.59(1;.

5,600 1.80:1 1182-1 1.2 5,600 0.581 0. 568 1.3
5,800 I.884 1 -M42 2.2 5,8(1( 0.824 V(N119 4.7

1 R N 4 .4 0 0 0 ý1.5 6 .1 0 .58 (1 Y.8 H 4 ,4(1 0 2 ý. H p8 1 2 ,4 4l9 I fi. 1

4,600 41 .56 2 W6.54 1.4 4.0002),6 2,.- ý10- 5.3

1,80(4 0(1.021 0,f.134 1.9 1,10011 A8' 2.300 0. 1
5,10(0 (1.58 0. 58 1R1.0, 5,4(01 ..995 12 Z30( I Lm8

5,2(1(1 0. 512. 0.60 6 1 L' 5, 14100 2 0 1 2.IMO M. 0

ri, Jill 0. 1i12 0),5 1 2.2 I ,4011 L.91 I. ' I I.

5,M00 0I 5If? 0.50112581 9 1.9128i IT1 (

1, Iml Jim( , 1 IE,41 ,0151 "1 OHM1 1,8

I, 6ifu :I 1AH 2' il :1( N 11611 .4 1', 1. 990 4

I~~~~~o l 1i~ : 4Ieg111 7.11! I'1

2~~~~~ 7Nlu 1,2 ,1 1,8I. .~lI1'
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TAtI.E 4. i F'IJ•EMAI, I dAMETiL, AT •ti,,1 AS A F! UNC-IIO)N OF YIII.II

Itcd1 .vh'hs "'Oh, L Wi d i ll Lith' YihII Ak1€ giVI'n in I16,1 ' .

SNhot ll'hl10 IP:uY' , C: It 'ull;•.t(,4 , E I• I ov

It tt f*]T~ -f k

Apatche F 8-i 7,18H7 j'I'tA
Cherokt, 3,6m) 7, 1 .•11,7 14) i
Dakot;i I,0 l. 4, 1)0 1 5,768 4). (140
Erie 1 .5 1,294 15M 0.(0! 19
Flatheadul 375 *Iooo A1,917 0,02 I

lHuron 270 3,15o ý;,597 )O. 13

Lacio,.,se 38.5 2, 10( 1,49 0. 1210
Navajo 4,700 !,900 9,52 .2; 0.043

Tewa 5,014) 10,000 9,750 11.025

Zuni 3,500 8,600 S,f;30 0(0 1

TABLE 412 MAXIMUM FIREBALl, I)IAMt21EI /-A A FU'NCTION WF YWL.,

Listed vields were used in catlculations. Lat•i'v.iir-L .rt given in l;ab 2.2.

I)i lmeter Ii li:.n 'r

Shot Yiehl Measured, (Calculated. Error

k t ft ft m- ~11) M

Apache 1,850 17,187 7.343 0 0 .19
Chli rkt,,kt 3,600 10, 1(i5 9,0HH " II I ii

Dakota 1,080 6,169 6,180 (0.0012
Erill 15.5 I,72 4 1,.I ,;SRi. 1.07

F'Iath14t0 1 375 -1 0 5 4, t;t 1, 0.0l (

ilu "on 270 3,63: 1 3. _7166 0 . 0 o

Lac rt 8,• so 5 2,228 "1", 0.0 A11

Navajo 4,700 9,979 9,909J 1,008

Tcwa 5,010i) 10,032 1. 0, 100 w 0.07
Zuni 1,r500 1,06 |,0o7 0. D,0

TA BLE -1.13 \\II1SO)N CL(OUJ) EFFECT,"S

1 .4s d ve.ils 'ecr:, uwid In caUIIulttIoR-m. L ,r Nl•t-]& ; gf' 0 n ill ';t)k' .

""ht'imalI M.,t.xium Fis t kW o wil (Cloud Muldp•s'
Iv; no Nutitnl i ()Obi. IrV;xtion, Fi N' Of f . .

k4,

F'rh t5 Not m,.4 ......

iM~dw 39 r o

htPI I ,I 9•1,

A:.•k 0) Il Y, !!ft III*',.lI, l
I l:o h, I (lt!I I, I'• 61',' 4 •' I
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TAint 114 OPTICS OFWt'4 NT01JxiEI 11UOT'ECtArIS

octa4 Leijgth Fivi'h of :O
Strle&i Ape~rure Filter of Lens View Extr,'n0 Range Altitude

nim degree ft degree

.162:56 f/I Red 4 NDtI 10 61 - 0.39 26,240 to 66.7 to
:16233 Blue 4 NDI 433/2 28,250 58,5

(76 extreme)

36300 Red 4 NDI /7 /3`
3629 f/l Bluý, i NDI 17 12/2 044 25,000 -4.9

(44 extreme)

* AF measured from the center of the franw.

TABLE 4.15 PARTITION OF THERMAL FLUX, FRAMES '15 THR((!OUGH 375

36233 Blue Pe 'e,. ot 36236 Red Purcent

Brrimhtnes Area of Total Brightnes Ix Area of Total

FirtoblI 15 - 1 p0,700 60
45 600 96 45,500 63:

6j5 4,300 87 43,000 53
15 1,150 9'4 '25,1100 ! i
250 - 113,200 53
375 .... 9,300 49

Shock froth 16 - .. 1,120 0.5
45 20 3 17,000 19
65 350 7 16,000 20

ISO 65 6 .0,20u 40
2w0 ..... 10,.204. 41
375 8- 8,900 44

Clouds 15 . 2,300 13
45 6 1 10,000 12
as 200 4; 3 1 0600 12

160 . 2,300 4
250 510 2
.175 - 9...0 ,0 5*

15 .. 3,600 2uC

45 13,000 14.
63 51 11,000 15

15) -. 14,000 6

250 .. 1,000 4

3',.00 0.5

"Totai is 17,800
45 WO¢ R6,000-
Gr5 5,000 -o,0oo

ISO 1,20 51.60t;
"250) ...... 2,4,500...

375 .20,30 Als

Alwut $0 pvrrent of tkuimn Nv,2t0red from tho Wilson QIloD(.
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I AlY,'ý 4.16 PI',ttjIl UN i.F 11WHLIMAI. I. lA, r. IAME hhnl

tijig(W ari.' takn at ot-condl therm.,!a magtimum.
iAfLCOA4. ,-nt 31;2qt Ill., Pe~rce-nt

*rg~e~ Ar,, d it, 1ijkhir.-.- Arvc' of 'I t1;.!

tIi.-a11I241,260 N0 tiI, looi 84
hf I Ahtt -'7,S00i U, Y11)t 1-5

tittti, ViSOO4 7.'! 5,600 N, 7

At; AVt14)0 7 5 5, vm4 5. 5

A. flyriwb. #t1 fkruball jsdrtt ;ýA a I r,!,( 1,470 907 570 £64

H. Plume? minl'nuni tl0o 60') lit r,5 .1 5 12

W'A 0-~ ocs ). .06 n.03t f0)2.
4' .'.huock froth:

11. Nvtar .dgv, In Vi? 262 1 44I m 7.6
E'. Near e'dgv, out 44 801 0 4 2.

:I, ria 3tig3 -. 6 --.. 3Al 235

~~~~~;4 h'1 k~ .tt ~l 156 i f oth

H. ic 4t 4R. r-.- I - ,'s 6137 (i C

.1. 8 c4,(W5k~tA till ,!okj4 !qkt;t 32% ti40 S5:11 64
h,.A tgl~ft 5,1-" v lotO l'vini :10 MM t. l49 CM

3. %14AflI ktIC1 411 4 - -

4.j 114 ( OMPAHINNSH AT' 1HEJM fl, Fr'L1VK MAXIMA

it ¼'tltj :62:36 It~r 361¶1:1 Plla. 16VlN Nedc 162"9 Wipe

A. Maaantumn ttreball
hrlghtntuart 1,-474) 430 I 5( 163

J! Toial! ftrrhn)'1

brlhtn ew an'.. 34)44 4,300f 126,200 4t,40(1
C. 14/A 24 lip24

!6. Apparent pi-hlum

frighta..' idPevn lWoni I ihmN f

Plan,.' nmtrtntav tiNA, I 2 .?4 e.3

st' Irilral slg-44 1:, '4-ir, 1 1;.0 44 C
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L hapter 5

CONCLUSISN8 AND RECOMMENDA 'IONS

5.1 CONCLUSIONS

The large amount of data cnl'ected from aircraft Indicates that the thermal yield can be pre-
dicted for the device' analyzeu, i.e., for yields ranging from 15 kt to 4.6 Mt.

5.1.1 Thermal Lxposure. Thermal measurements indicate that the formula evolved in Ref-
erence I in the analysis of the transfer of radiant energy from a nuclear device through the
atmosphere may be unduly complicated when considered from the point of view of the present
state of the art of the meas,'remerL of high thermal fluxes. As a comparison of Figure 4.8
with Figure 4.5 will show, it is possible to use a simpler empirical exWression for predicting
the thermal exposure encountered by aircraft in the Pacific area. In essence, the empirical
formula,

Q - 1.45 (W, &) coo % 0 cos (5.1)

to an approximate form of the more detailed formula of Reference 1 whose constant is a slowly
varying function of the moisture content of the air, the albedo of tne underlying surface, the
scattering by haze, the height of the bomb burst, and the velocity of the aircraft where the
measurement (,f Q, the thermal exposure, is made. In a particular climatic region and under
the test configurations used, it appears that Equation 5.1 adequat,,ly prelcts the test results.
Additional requirements to equations of the form of Equation 5.1 will require more precise and
consistent measurements of the thermal energy.

In Equation 5.1, the symbols are W, 'he weapon yield In kilotons; D. the slant range In kUo-
meters, Qthe thermal exposure in cal/cm2 ; 0, the zenith angle indicated in Figure 3.1; and 0.,
the angle between the normal to the detector surface and the line joining this surface with the
center of the fireball. For a detector pointing at the fireball 0 - 0 while for a horizontal de-
tector 0 = 9. The angle 0) expresses the reduction in projected area of an Lrbitrarily oriented
receiver when exposed to the direct thermal radiation of the fireball.

No evidence has been found in the analyzed thermal data that admits of including other factors
such as weather or the albedo of the underlying. surface to refine the prediction capabilities of
Equation 5.1. The results exhibit too much fluctuation to support a more detailed predictive
formula.

5.1.2 Backscattered Radiation. The k teasurements if backavattered radiatic, i indicate that
on the average the aircrew-wisuffer between %t and 1/ the radiant exposure from back-
sca cered radiation as they 4ould from being exposed to the direct thermal radiation. These
measurements were made in the early morning when scattered clouds were reported. The evi-
dence ts that Equa Ion 4.1 can be used to pt edict QB8 If 4 - 0 WO

10- 1 Q > Qi• > 10- 1Q

5.1.3 Thermal ZLposurt of Air VeruM Ground Bursts. The evidence upon which the follow-
ing conclusions are G•ts not extensI vM, beIng based on the airbur-t of Chernkee as compared
with the barrv shot Zuni and a )me additional information gained from Dakota.
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It appears from a comparison of the Cherokee and Zuni data that devices of the same yield
give about the name thermal exposure at a given point in the atmosphere, independent of the
fact that one is an atrburst and the other a surfsa e burst. Unfoi"tunately, as tne me:suremerts
were restricted to zenith angles of 50 k 5- and an albe&o tif the order of 0.6, these tests neith-r

S .ov.. SoA Ud0i1A .. V.... e renc0 o A U biLdUp f&C-ter 'US sUrce bUr- UAKe•.. _ie A

surface whose alberto approaches unity.
Conflicting evidence exists for the radiation temperature of surface bursts versus alrbursts.

It appears from the infrared filter data (0.7 to 2.5-micron wavelength) that a 3,000' kI black
body temperature used in Reference 1 for the surface burst and the 6,0000 7, black body tei.-
perature used for the airburst I-edicts the division of energy in the Infrared to suitable accu-
racy, However, this may be somewhat fortuitous because the theoretical predictiors of Ref-
erence 1 are tested in this case with broad bandpass filters whost transmission characteristics
are somewhat dependent on wavelength (Figure 2.15). An attempt 4%s made to arrive at the
color temperature of Dakota. a megaton-range surface burst, by correcting for all known ab-
sorptions in the wavelength interval over which radiation wa.- received. From this analysis,
it appears that a surface burst may reach a temperature as high as 5,000 to 6,000* K.

5.1.4 Spectral Distrilltion of Thermal Radiation. Analysis of the measurements o. the
radiant exposure for several broad regions of the visible and near-infrared spectrum of Shoi
Dakota leads to the following conclusion. The spectral distributlor )f energy in a megaton-
range surface burst is not inconsistent with that to be expected from a black body radiator at
5,000 to 6,000" K, whose thermal irradlance is modified by water vapor and carbon dioxide
absorption in the atmosphere. Effectively, little radiation is transmitted through long paths
in Pacific air for wavelengths in excess of I micron, except in a few narrow bands particularly
between 2.0 and 2.5 microns.

5.1.5 General Conclusions. The radiometers and calorimeters form a consistent set of
thermai radiation receivers. By this it is meant that the integrated radiometer data gives the
same value of radiant exposure as that measured by the calorimeter to within the limits of
variability of the two types of instruments. As an alternate method of comparison, the differ-
entiated calorimeter data agrees with the irradiance measured directly by the radiometers.
This second method of comparison is not as satisfactory as the first from a technical standpoint
because of the large amount of smoothing involved. If future tests are made that require filters
to be used on the thermal detectors, the detectors should be radiometers instead of calorimeters.
The filters used during Operation Redwing were broadband types. Information concerning the
energy received in narrower bands, such as might be derived by subtracting the energy trans-
mitted through two filters with overlapping transmission bands, requires that radiometer data
be used if the source is changing in temperature. The radiometer data is then integrated over
the time to give the thermal exposure. When filters are used on calorimeters, he equivalent
of the above procedure should be done. It is for this reason that radiometers are to be prefer-
red over calorimeters when filters are used.

The scaling la #s in respect to time to maximum irradiance and the shape of the- power curve
seem to be in accord with those presented in Reference 1.

There is no detectable difference in the time at which maximum irradiance is reached for
the various regions of the visible and infrared regions of the electromagnetic spectrum as
selected by the various filters. The experiments were not designed to optimize these measure-
ments, ard these conclusions are drawn from derived rather than primary data. However, it
ieems justified to say that to within 1 10 percent of the time required for the unfiltered energy
to reach maximum irradiance, no diffeience is noticed among the filtered irradiance curves in
respect to tmax. In the case of the largest thermonuclear events, the 10 percent uncertainty
in time is only of the order of %/0 second. These curves can be normalized in such a way that
they show that the irradiance at longer wavelengths falls off less rapidly than the ir- 4dtance in
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the visible. This point will not bf labored here because there is relatively little transmitted
energy at these long wavelengths, F•urthermore, the data from which this conclusioi is drawn

contains large random errors.

5.2 RECOMMENDATIONS

5.2.1 Calorim-+t-'ic and Radiometric Measurem# its. Analy .s of the data used as a basis of
this report shows that the usefulness of the data wa•, limited pi marily by the calibration pro-
cedure. It would not be overstat ag the case to iuggest that little aclitional information is to

be gained by amassing more data of a similar natare. On the other han-. if calibration tech-
niques and schedules for field checking can be develooed so that the calibration constants ot
each instrument for each event are known-lncludi.',, detectors, filters. and atmosphere as

well- it -may be that more meaningful prediction equations ci:, be developed from new data.

This would be especially true after instrumentation has been subjected to extreme thermal
exposures.

It further appears that more information can be obtained through the use of radiometers as
the basic measuring instrument instead of calorimeters. This recommendation is made with
the realization that Tat le 2.4 indicates that, at the present stage of development, the c 'orim-
eters are apparently more stable than the radiometers. However, from the overall system

point of view, there does not appear to be any significant difference between radf meters and
calorimete. s. Rate data such as given by the radiometers is of greater theoretical interest

than integrated data given by the calorimeters. When necessary, the rate data can be summed
to give radiant exposure.

Future instrumentation engineering should include methods to eliminate the problem of de-
tector or filter exposure to adverse environment conditions during takeoff and low-altitude flight
where moisture, dust, oil, fuel, and other foreign matter apparently obscure the viewing port.

A final comment is made with full realization that other overriding considerations, such as
the safety of personnel, may preclude the suggestion from being seriously considered. It is
suggested that more attention be given to maximizing the information content oý these experi-

ments through positioning of the aircraft and detectors. During Operation Redwing, it appears
that too often aircraft were too closely bunched in range and elevation angle even though they
were flying at different azimuths. All indications are that the range ;nd elevation anglh are the
most sensitive parameters for the prediction of the radiant ,X!sure, ( xcluditig of course the
all-important device yield. If more detailed information is to be gained on the modifications
introduced by surface and cloud albedos, and the atmosphere in general, a better experimental
configuration is necessary.

5.2.2 Further Analysis of Photogryiphic Data. In the r,'cessarily limited effort of preparation
of this report, it has been possible to consider only those topics which, a priori, appeared to
have the most interest. The photographic coverage, while far from cumplete (and in fact. for

some of the devices, quite scanty), still containm at leai',? as much analyzable information about
thermal effects as has been presented. Furthermore, tlhe photographs contain valuable dat on
the physics 'w the growth of the detonation. Suggestions for vurther reduction of the data are
given herein. In Kddition, there are presented suggestions for fie improveme-,t of the collection
and analysis of future photographs of the type, described in this report. Particularly, it should
be noted that the thermal efleets of nuclear devices could more easily be evaluaterd If the details

of the particular test deto.týtfons (special shielding, oxperimental devices, and th like) were

released.
Signtfitant improvement In the microdensitometric avalysis would result if the slit width and

height could be reduced to about a third their present size. Further red' dtion would be of little
help bI-cause of the granularity of the emulsions.

Ir, general, the variation of the vatrious thermal and physic 41 phenomena with device yield ha•,
not been treated. Only generalized discuspions of the iureolc, thermal flux partition, -#riotspots,
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plumt , and absorption shoL have been presented. (An exception ls lie Wilson cloud, for which
the time of inception as a function of y1e~ld is given in Chapter 4.) It would be desirable to gen-
erate scaling laws for these effects.

.0n ihe following discussion *he various vhenrimena zare divided into these th~at luv omg"1

gibie effpct on the thermal flux and tfriee that are of interest from a device-physics viewpoint
niV?ly. In passing, It should be mentioned that future data analysis should bemoesrnl

preparationor ofths eprt

eral observattion wigles, would be of Interest.
There extists sufficient data to uelineate further the intensity and angular distribution of the

aureole as a function of fireball extent and surface brightness, in frames before break-away.
There in &uloo data on these aureovle properties as a function of angle of observation. Howe-er,
such data exists only for Rted and Polaroid phjstographs.

Asymmetry may be of considerable Importance in that It may make the thermal flux az' auth-
angle dependent. Ai would be desirable to scan all detonations to check on this effect, whi, h
appearA to be def initely established for [akota (Chapter 4).

In general, it to quite difficult and time-consuming to prepare isophot contours of the photo-
graphic frames, and in light of the traecuracles involved, further efforts in this direction are

ii ~not especially recomm~ended. However, a consistent program of brightness comparisons would
give important Informnation con the albedos of islands and shock froth and especially of clouds.
The contribution of the llgh scattered! from clouds is, as has been Indicated, a particularly
ephemeral problem. The angular dependence o, the shock froth albedo is as yet not understood;
there is evidence that the direct albedD is smaller for low-arq ts observers (Section 3.2.6).

Further work should be done on the hydrodynamics of the absorption shell and on the limb
darkening histories of the several firetballs. In particular, the scaling of surface contours is
of Lntl )reat. Another program of some Iimportance Is the correlation of absorption shell, prop-
erties with the temperature, density, Sind pressure profiles of Reference 29. a ts not recoin-
mondesd that further light-absorption measurements be made, as the beat examples of this effect

4 have already been analyzed and even these give indifferent reaults.
Physical eftects have a direct perturbing effect on the thermal flux of less than 3 percent.

Measurement of the tir e history of the position and brightness of the horizontal dark belt run--
ning across the firebal! may aid in explaining thiu phenomenon.

The kinematics of hot spots (bright and dark- areas in Red, Blue, and Polaroid) could be de-I rived from the photographs. Speed., number, space distribution, sizes, and brightness histories
may be compared among the several detonations. The hot spots may aid In determining howv far
into the flrebull the camera sees in early frames.

The* Blue fireball shows considerable surface structure, appearing lumpy or puffy. This
pro-ably ha* a nontrivial effect on the Blue flux. Alth -ugh. it would be difficult to gather mean-
lngttal quantitative data on so diffuse a phenomenon as this, some study of It is indicated.

Althoug the Red-Olue !ntercoinparlson is made difficult by the sensitization and sensitivity
differences of the recepitors, the Polaroid pairs suffer from no such drawback. No gross dif-
foez ne.. between the two polarizations aM '~red In the analystil of the IDcota pair (Chapter 4),
which were made with cameras having errat c shutters,, Nowever, the information content of
these photogrspý_3 Is by no means exhaustod, and a more thorougi, analysts of this pair and of
the. Apache pair in definitely indicated.

At should be meintioned that the problem has not been apraeched from a viewpoint of almon-
pheric transmission. In a&qualitative sense no atrong atmosphertc attenmistton differences
among Red, %tue, and Polaroid are resolved. Nevertheless, It might be p.dVantageous to re-,
view the results preseated here, Rnd any future results, from a stancpoint of atmospheric
scattering and attenuation.
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5.2.3 FULLre Data. Analysis of the Redwing data has shown that great iniprovement cou'.d
be :-ade with small changes in receptors anI sensitometry. More fundarnerdMa changes, involv-
ing serious overhaul of the apparatus withwut guarantee If commensurate Improvement in the
(42*2 havea 21 an rnw. Mn Mind. thpap Wn,,r I nt-jrrd P 'amer2 -,*41n~ign to jaynehr-olptr tho Ft amp"

Zero and to lower flare light.
It was found in auxiliary experiments that the shape of the H and D curves varied with the

filter used in the sensitometer. Consequently, there s's.ould be some inaccuracies In the H and
D curves because thie sensitizing lamp does not' match the spectrum of the detonation. It should
be a relatively straightforward matter to expose auxiliary strips of f ilin tnrough a step tablet
and correct filters, to the detonation Itself, Stich a procedure has been used In the experiments
of Reference 27. Enough exposures for' the determination of the proper development procedure
for V = 1 can readily be made with the sama camera.

Furthermore, standardized processing and further cali~'rating procedures should be develop-
ed to enable absolute brightness measurements to be made. With isnown absolute brightnesses
and intercomparable cameras, atmospheric transmissions can 1)e measured. Further 1A-_r'e,
observations from various angles will give information on the departure from LAmbert scatter-
ing of variouc surfaces.

The surface of the detonation is sufficiently bright to alow narrower, sharper optical fitters
to be. used. The spectral response of each filter should be routinely checked in the laboratory,
before an after the test series.

The exposures in the Redwing series were generally too low; in no case was film saturation
observed, but in one or two cases (notably- Dakcta Red 36236) there was a lens flare and A halo
around each frame, presumably due to flare scattering, In particular, the Blue exposures
were too low to show the albedo properly, especially near breaktaway. Even an increase of a,
factor 100 in some, Blue series should be considered1, In spfte of the burnout and Increase. In
flare light that this may engender near second therm&l flux maximum. 9ich exposures wiould
provide data on the Blue aureole, on the, attenuation of the Blue shocked air, and on the details
of the Blue fireball near thermal flux nhlntmura.

The films used are quite satisfactory, and the positions of the centers of the Red, Blue, and
Polaroid passbands are well choseni. More Polaroid photographs, should be taken, especially
with telephoto lenses, for a cleser examination of tho absorptimi *shell, hot spots, and other fea-
tures. The shutter-opening fluctuations of the OSAP cameras m~ust be corrected. A study of
the falloff of apparent brightness of off-axial poiats would be useful. Every reasonable effort
should be made to reduce spurious flarp-lijý,ht effects.

Although synchronized cameras opening at, say, 1 mnsee after time zero would be. desirable,
no critical que~titons have arisen that cannot be answered with present unsynchronized systems.
Synchronized systems are of more importance in cameras with higher framing speeds running

*up to time of breakaway.
It appears that during Operation Redwing no consistent attempt was made to position the airý

craft at uniform observation angleis. There are no phenomena particular to any Individual de-
vices that are best view"d !rom a preferred ang~le; an Improved device interconiparilson would
result if standard angles were chosen.

One viewing angle should be about 20* from the horizontal, to permit furthier measurem~¶ents
Gfthe attenuation of the abaorption shell (such as those deucribed in S 'ction 4.6.3). Ideally,

Islands and ciw~ds should be behind 0the absorp on shell and air e'~ock, to act as viewing screens.
Rt has been noted that ttw datz NrillA to give information on tht. mcittering and atteratwtion of

the atmosphere as separate from the proper thermal effects of the device. As mentioned ear-,
tier, absolute lntercomparison among film series would throw light on this problem. Ho~wever,
for good results it is necessary that the aircraft be at ranges with extremes differing by at
least a factor of 3. During Opertilon Redwing, the ranges rarely differed by more than a fae-.
'3r Of 1.5.

Finally, there is the suggestion that the GSAP came~ras photograph an artificial light source
of known brightness at surface zern, at say, I second befcre time zero. However, practical
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difficulttem arise in designinr a source so extended 'IS to subtend an ulogle bvi.%. comp .r.,d toI

the (Uirn xnid lens resolution. The sourve mrust Osio lt. on for a timo, lmiK vilnogh t ill, totrPat
the GSAP shutter will be open at least oree (,- 15 nisec). There in vonskidrahte .ffort involved" . ... &- ,'ý LI. A.' , ,?•'A+ ilia ... t .. . .
In setting up an r a' ua,,'rt- dsreI it would juus~l iOw ro,'iaiivily
smiall further effort of using auxi1 

' '-, Ifocused ýitill camvras (or other photonmetric appar;dus)
for measuring thp transmission ik ,-aftte•ing of thv atinosphere.
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PHOT(' RAPHS

Figure A.1 Shot Erie. Series 34565, Frame Zero, Red, 25 mm, B-57.

Figure A. 2 Shot Erie, Series 34565, Frame 1, Red, 25 mma, H-57..
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Figure A.3 Shot Erie, Series 34565, Frame 2, Red, 25 mnm, B--57.

Figure AA4 Shot Eric, Series 3i4565, Frame 3. Rod. 25 mm, B-57.
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Figure A.5 Shot Erie, Series 34566, Framme 4, Red, 25 mnm, B-57.

Figure A.6 Shot.Erle, Serkebt 34565, Frame 5. Red, 25 man, B-57.
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Figure A.7 Shot Eris, Series 34565, Frame 8. Red. 25 mm. b- 57.

Figure A.8 Shot Erie, Set ies 34505, Pratie 11 Hd 1 tw~n, B-67,

E 3t



Figue A9 Sot rie Seres 456, Fame14, ed,25 m, -5I

Figure A.90 Shot Erie, Series 34565, Frame 14, Red, 25 mm, B-57.
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FigureA~l1 Sot Eri, beres 3456, Frae 24,red,2 m -7

Figure A.11 Shot Erie, Series 34566, Framae 24, Red, 25 mm, B-57.
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Figure ~-al1 htEi,&ia355 rm 9 e,2 m -7

Figure A.13 Shot Erie, Seiries 34565, Frame 35, Red, 25 mm, B-57.
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Figure A.15 Shot Erie, Series 34565, Frame 51, Red, 25 mm, B-57.

1102 AidN

Figure A,16 Shot Lacrosse, Serit .4 31587, Frame Z, ro, Blue, f.1., 25
mm, B1-57.
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Figure A-17 Shot Lacrosse, Series 31587, Frame Zero, Blue, f. 1.. 25
mm. B-57.

Figure A.18 S.'t Lacro~see, Series 31587., Frame 1, Bluvj, f~t. * 25 mmrn
B-57.
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Figure A. 19 Shot Lauvo~ss, Seriesi 31587, Frame 2, Blue 1. 1, 25 mm r,

I Eg~o 4 zr hui. 4Y~lJSV.eiles '31 587, Frame 3. flu~e, ftl., 25 muxi,
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Figure A. 21 Shot Lacrosse, Series .31587, Frame 6, Blue, f~l., 25 mm,
B-57.

Figuro A.22 Sbot l1acroooe, Sories .31587, Frame 9,. Blue, UL. "~ n'15
B-57.
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Figure A.23 Shot Lacrosse, Series 31587, Frame 13, Elue, 1.1. , 25 mm,
B-57.

Figure A.24 Shot Laorosse, Series 31587, Frame 18. Blue,, fl.., 25 mm,
11-57..

189

SECRET



Figure A.25 Shot Lacrosse, Series 31587, Frame 23, Blue, L.1., 25 nim,
B-57.

Figure A, 26 Shot Ljacrosse. Series 31587, Frame 3(), Blue, (A., :5 1tun,
R- 57-
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Figure A.27 Shot Lacrosse, Series 31587, Frame 39, Blue, f.l.. 25 mm,
B -57.

Ftgure A.28 Shot Lacr's, vi rse4,$u L 1 mi,

B -5 
o
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Figure A.29 Shot Huron, Series 37505, Frame Zero, Bluie, B-57.

F ur , jQ Stra HluronI Series 37505, Frame 7, ýBlue, B -7.
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Figure A.31 Shot Huron, Series 375169,5, Frame 15, Blue, B-57.

EFigrureA.Z32 Shot. Huron, Seonts 37606, Frame 28, Blue, B-67.
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Figure A. 33 Shot Huron, Series 37505, Frame 34, Blue, B-57.

F~gure A.AU.' Shot Muron, Series 3'/505, F'rsme 43., Blue, B--5I.

i tft



Figure A.35 Shot Huron, Series 37505, Frame .59,~ Blue, B-57.

Figure A-36 Shot H~uron, Series 37505,. Fromie 77, Blue, 41, SV,
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fig -,e A.37 Shot Huron, Series 37505, Frame 103, Blue, B-57.

Figure A..38 Shot Huxor,. Series ý375O5, Frarre 12P. Blue, B-4, 7.
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F igure A.39 8t-t Huron, Series 37505, Frame 167, Blue, B-57.

IFigur. 4-,.40 Shot Huron. Series 37505,, FiR.ane 1.93, Blut,' Bl-57ý
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I Figure £41 Shot Huron, SerIes 37505, Frame 219, Bive, B-57.
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Figu'e .1~1Sho DaktaSeres 3231 Fra~w 15,Biue fL 17 mWOW2

fF Inv

gueer A.101 Shot Dakota, Series 3A231, Frame 115, Bilue, fI1. 17 mirk, B- 52.
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Figurae A. 183 Shot Dlako-ta, Serbes 36233, Friame Zer, Blue, fL, 1~ 1.0BA

B-47.

SECR wi

-AMON



eai• N Sn i Mliia

Vigu~re AiS5 'Shot Dl'kota, Scdes 36233, Fram-e 45, Dine, f.L., 1.0 Bon B4 7.

•III~l

figure A.WV86 Shot Dakota, Seriv,- 362,3, Frame SO0, Blue, fI., 10 mB-47.
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Filgurv A.187 Shot Dakota, Serie.s 36233, Frazae 65, Blue, f.l., 10 mi, B47.
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,,ilurmil .. ii ali / •

Figure A.188 Shot Dakota, Series 36233h, •a'wp"et. 9•i, PlIe, t.1., 10 mm,, B-47.
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Figure~ A.19SotDktSeis323,, Fr•a~me t5 le . 1,10,- R-7
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Figure A.189 Shot Dakota, Series 36233, Fsane I15, Blue, f.1., 10 mam, B-47.
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Figure A.191 Sbot D~akota, Serien 362:36, Framie 250, Blue, t'.1., 10 nim, 1-7
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Figure A.19" Shot Dalitta. Series 36226, Frame 90), Red, [.1., 10 mm, B-47.

1, 'rC AJ98i Sfic!, IakýA-a, Sei~res 362,16,* F r~aute 115, Red, f. I, 10 t-yam, 1147,

IIIMW IIO i



Figure A..199 Shot Dakota, Series 36236, Frame 150, Red, U1., 10 mm, B-47.

I 1,eh

!NN2

Fikure A.200 Sk,,ýt akota, Series 36236, Fram'e 200, Rod, f.1L, 10 mB-47.
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Figure A..201 Shot Dakota, Series 36236, Frame 250, Red, fd.., 10 mm, B1-47

Figur,' Shot Dakot,ý SerieB 36236, F'rame 32.5, Hed., fjL, I(0 nim, B--47.
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Figure A.2,04 Shot Dakota, Series 36236, Franme 425, Red, flI., 10 nun, i;ý-47.
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in 10 mayiini

Figure A.205 Shot Dakota, Series 36241, Frame 35i, Blue, f.1., 1~7 nun, B-66..
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Figurc A..207 Shot Dakota, Series 36241, Frame 65, Blue. f. 1.,. 17 rmm, D- 66.

**Gal

Figure A.20 Sh~*ot D r~jtk, Series 36241, Frwite 100. Blue, f.l., 17 mm, B 66-
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Figure A-209 Shot Dakota. Sieriuts 36241. 1 am1o. 14ýe, f-I., -1.7 min, B-66.

Fi~gitre, A.-A 2 I f i.t a4~ota. Sv~ritv 16*24! Fram4. 25n, lklue f. ri m 'in, 66
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Figure .2IShot Dakota, Series 56242, Frame Zero, Blue, f.l1., 17 13m B 66.

'U... , .,mi ~ m,

Fig:ure .A,.211 Shot Dakota, Se(ries, 36241, Frame. 35r), Blue•, f.1.., 17 mm, B-6(6f.
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Figure A.213 Shot Di kota, Series 36242, Frame 15, Red, f~l., 17 mm, B-66.

Flgur. A.214 Sbiot Dakota, Series 36242, Frame 30, R~ed,, t., 17 mm, B--66.

28I4
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dI8' .jpr- ,.,t•'

Figure A,215 Shot Dakota, Series 36242, Frarue 45, Red, i.l., 17 ram, B-66.

upw4 I

Fala

Figure A.215 Shot Dakota, Series 36242, Fr 41.IMAM-, -its

Figure. A.21.6 Shat Dakota, Series 36-4I, Fri-,-,
1 nim , B - ,



'4 0A

Ias

b ~~~Figure A.218 5h;4 1'Dakotla, Snt 14't4 t '4 L a 1.- f1 7;n.

B -6u,-



.1 -O AI wg

Slamj i .. ,. ,mmm_SEE;

F~igr .2tShot akoa,. Seis-64 , Fra vme3 , Poallroi .. 1. 7 m
B-6-U

I

-Ul

Figure A.21, ShA ; akota, Series 36249, Frame 34, Polaroid 0, f.,,I 17 mmn,
B -6'.

I"

,mmml
[t •nmmilA. .4 U.,-,

S4mare Str •~ 3*I~ p 1r'd , . i . '
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Figure A2?I1 Shot Dakota, Series 36249, Frame 64, Polaroid 0, LiL, 1. mm9
B-66.

A A2~c, Shot Ua~iota, svrht'- 3Wit 9 ,A ni '3 ,~ 9, f. L. 1Pr

!4-1 B 4i

k C R 9



Figu4re A.223 Sho'i .-ýakwtv~, Series 36249, F ~~199, Polaroid 0, Ll1., 17 m~m,

ii -66.

Figure A.2f.4 Sho t Dakota, Scrip's 3f-250, Frantw. Zero, Polaroid i, L.~, 17
imm, B-66.
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Figure, A..','15 Shot Dakota, Series 36250, Frame 4, Polaroid qf.Li., 17 nam,
B-66.

'I'b

Figure A,226 Slo DADkota, Series 36.2.50, lirame 9, Polaroid p. I. k, 1 1 nun-
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Figure A.227 Shot Dakota, Series 36250. Frame 16, Polaroid -*h, ti.9 17 mm,
B-66.

Figur-e A-228 Shot, Dakcma, Series 36254), Frame 24, Polaroid Q, .1., 17 m.m,

291,
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Figure A..229 Shot Dakota, Series 36250, Frame 39, Polaroid 4,f.1., 17 mm,
B-66.

Figure A.230 Shot Dakota, Series 362%f , FrAnie 64. Polaroid p. f. L, 17 m

B 66.
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A Ms3ft sdl. mmfts"

Em.....

Figure' A.231 Shot Dakota, St-ries 362150, Frame 89. Polaroid f.I., 1. min
B-66.

Figuý-t? A.2321 Shot D)akota, erk*es 36250, Framne 114,3l~ar')id 'A .,1. 17 mnm.
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An -VANm-mn mm ~

B -57

It

I IN

Figure.A.234 Shot Dakolta, Series .16299, Frame 1, Blue, f.1., 17 mm, B3-57,

294

SECRET



~~A
~A6IEnoEw ra =pl,.

~i~UUUMENEM*."~

Fiue .3 So aktSUEEi369.FaeU2,PPEc,IA. 1 mD 7

~VilEsmon

AREEh~***
lom inm min m

F~igure A.213f -Shiot Dakotp, Series 316299, FrLame 20, Ble [1I.. 17 mm, B3-57.



Figure A.237 Shot Dakota, Series 36299. F'ramie 40 Nut- i

limip

teries 3621' -a~nc 50, Blue, IL. 17 -n a 3-- 6i7 .
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kFigur,' A.239 Shot Dakota, Series 36i299, Fratme 60, Ptuu, f~l., 17 mmul, B- 57.
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Figure A.2.141 Shut Dakota, Serie s :29,Fra~nc 65, Blue, f.l1,. m I- 7

. p
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Figure A.,43 Shot Dakota, Series 36299, Frame 80, Blue, f.1., 17 mm, B-57.
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Figure A.:43 S;hot Dakota,Sei es 36I299I, Frame80 '11) , Bii . 1.1, 17 rmIR B-5
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Figue A.245 Shot akota, Series , Frame 115, )Jue, Lt., 17 mm, B-57.
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M L

Flgu'rý'e A.247 S.hot Dakot~a, Series 362,99, Frain,, 150. Blue, f.Z. 17 rnin, B-57.

tt

Figur'e .A.2148 Shot D~ako•ta, Scries 36;299, Frame 1.711. Blue•, fJl., IV Lw -A i n B-15'[•7."
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Figure A.249 Shot Dakotfa, Series 36299, Frame 190, Blue, U.., 17 mm, B-37.

Flguve A.250 Shot Dakota. St ries 36299, Frame 225, Blue, fA.., 17 1 m B-57.
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I

Figure A-251 Shot Dakota, Series 36299, Frame 275, Blue, f.1., 17 mm B-57.

Figure A.252 Shot Dakota, Sorter 36300, Frame Zero, Red, LI., 17 rmm, B-57.
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Figure A.2953 Shot Dakota, Series 36300, Frame 57, R~ed, f.l., 17 nim, [B-57.

Figure A.254 Shot D~akota, Series 36300~, Framne 67, tied, f.I.. 97 n-Inil B-57.
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figure A.255 Shot Dakota, Serica 36301, Frame 77, Red. �.1.. X7 mm, IF 57.

I

FIguri A:�� Shoe Dakota, S�riea 3fi301), Frtme 87, Red, fA.,, Vi ritni,, B 5�I.
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Defense ThetReduction Aec
45045 Aviation Drive

Dulles, VA 20166-7517

CPWPT October H . 2000)

MEMORANDUM TO THE DEFENSE TECHNICAL INFORMATION CENTER
ATTN:. OCQ

SUBJECT: DOCUMvENT UPDATES

Thc Defense Thircat Reduction Agency Secuiritv Office has perfonned a classification rcview- of
the following two documents. Thei documents classification has been changed and die distribution
statements added to read as stated below:

WT-1333. AD-36 1768. UNCLASSIFIED. STATEMENT A, Operational Redw'ing. Project 5.7.
Thcernial Flux and Albedo Measurcenents from Aircraft.

WT-1334. AD-3399 10. UNCLASSIFIED. STATEMENT A. Operation Redwing. Project 5.8.
Evaluatlion of the A3D3 I Aircraft for Special Weapons Delivery Capability.

If you have any questions. please call ic at 703-325-1034.

ARDITH4 JARRETT
Chief. Technical Resource Center
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PAGE 01/02

DEFENSE THREAT REDUCTION AGENCY
Defenso Throat Reduction Informstion An-alyzis Center (DTRIAC)

1680 TEXAS STREET SE

KIRTLAND AFB, NM 87117-5669

14 April 2004

BDQ (505) 846-0847

To: Larry Downing, DTIC

Subject: Re-Review of DNA reports

Here is the sixth increment of the results of the re-review project:

See Attached List

We will send more as they are reviewed.

COTR,
Defense Threat Reduction Information
Analysis Center (DTRIAC)
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REPORT NO. AD NO. CLASS DiSTRIBUTION

DASA 1254 333113 Unc. C, Software Documentation
DASA 1420 Chapter 7 C020626 Unc. C, Admin - Operational
DASA 1420 Chapter 11 C020628 Unc. C, Admin - Operational
DASA 1958 383870 Unc. C, Test and Evaluation
DNA 2808 519841 Unc. C, Test and Evaluation
DNA 3014F 524387 Unc. C, Test and Evaluation
DNA 3070F 526432 Unc. C, Test and Evaluation
DNA 3273F 529507 Unc. C, Test and EvaTuation
DNA 3315F 530559 Unc. C, Test and Evaluation
POR 6723 531141 SFRD
VVT 1333 361768 Unc. A
WT 1334 339910 Unc.- A


